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ABSTRACT,
The com plex p heno lic  polym er lig n in  is  g en e ra lly  a c c e p te d  a s  h av ing  
a  s tro n g  in flu e n c e  o v e r  th e  b io d e g ra d a b ility  of p la n t cell w alls. The 
p re c is e  m echanism s of th is  phenom enon, how ever, a re  n o t well 
u n d e rs to o d  a n d  a  n u m b er of fa c to rs  may be of p a r t ic u la r  im portance  i.e  
th e  size an d  s t r u c tu r e  of th e  lig n in  m olecules, th e i r  d is tr ib u tio n  w ith in  
th e  cell w all a n d  th e ir  in te ra c t io n s  w ith  o th e r  cell wall com ponents as 
l ig n in -c a rb o h y d ra te  com plexes. To d a te , re la tiv e ly  little  is  know n ab o u t 
th e s e  fa c to rs . The p u rp o se  of th is  w ork  w as to  s tu d y  th e  in te ra c tio n s  
be tw een  p h en o lic s  a n d  c a rb o h y d ra te  in  g ram inaceous cell walls.
B arley  s tra w  (H ordeum  vu lg a re  c .v  Golden Prom ise) and  a 
’n o n -m eso p h y ll’ p re p a ra t io n  of p e re n n ia l r y e g r a s s  (Lolium p e re n n e  c .v. 
Perm a) cell w alls w ere  s u b je c te d  to  th e  f ra c tio n a tio n  schem e 
d e m o n s tra te d  in  F ig u re  1. The c a rb o h y d ra te  an d  pheno lic  com ponents of 
th e  re s u l t in g  f ra c t io n s  w ere  a n a ly se d  by  a  n um ber of ’classical* w et 
chem ical te c h n iq u e s  an d  se v e ra l p h y s ic a l m ethods (P yro lysis-M S  (and 
GC-MS); NMR a n d  In f r a r e d  sp e c tro sc o p y ) .
I t  w as fo u n d  th a t  oxalic ac id  h y d ro ly s is  so lu b ilised  m uch of th e  
a ra b in o se  an d  fe ru lic  ac id  c o n te n t of bo th . A h ig h  p ro p o r tio n  of th e  
pheno lic  c o n te n t (pheno lic  ac id s  an d  lign in ) w as so lu b ilised  from 
ry e g ra s s ,  w h ereas  m uch le ss  w as so lu b ilised  from  b a rle y  s traw . 
F rag m en ts , c o n s is tin g  of fe ru lic  acid  e s te r  lin k ed  th ro u g h  th e  0-5  of 
a ra b in o se  an d  p -coum aric  ac id  e s te r  lin k ed  to  a ra b in o se  w ere iso la ted  
an d  c h a ra c te r is e d .
E x trac tio n  of th e  h y d ro ly se d  m ate ria ls  w ith  d im ethy l su lphoxide  
(DMSO) w as fo u n d  to  so lub ilise  a  h ig h  m olecular w e ig h t lig n in -
c a rb o h y d ra te  com plex, th e  c a rb o h y d ra te  com ponent co n s is tin g , 
p re d o m in an tly , of a  13 1-4 x y lan  w ith  small am ounts of mixed lin k ed  13 D- 
g lu can . The LCC’s d if fe re d  c o n s id e ra b ly  in  th e i r  re s p o n s e  to  a lkali 
h y d ro ly s is , s u g g e s tin g  d if fe re n c e s  in  c o n te n t of e s te r  a n d  e th e r  linked  
phen o lics .
Enzym ic h y d ro ly s is  of th e  re s id u e s  w ith  a  com m ercial ce llu lase  
p re p a ra t io n , ’D riselase* w as th e n  fo u n d  to  so lub ilise  m uch of th e  
rem ain in g  s u g a r  to  leave  a  lig n in  ’core*. Solid s ta te  NMR also 
s u g g e s te d  d if fe re n c e s  in  e s t e r / e th e r  lin k ed  ph en o lics  betw een  b a rle y  
a n d  ry e g ra s s .
A naly tica l p y ro ly s is  te c h n iq u e s  w ere  th e n  u se d  fo r  f u r th e r  
s t r u c tu r a l  a n a ly s is . Time re so lv e d  p la tinum  filam ent p y ro ly s is -m a ss  
s p e c tro m e try  (e le c tro n  im pact) s u g g e s te d  d iffe re n c e s  in  th e  s t r u c tu r e  
of th e  lig n in  m oieties in  th e  DMSO so lub le  an d  re s id u e  fra c tio n s . T hese 
d if fe re n c e s  w ere  c h a ra c te r is e d  by  th io ac id o ly s is  a n a ly s is , w hich show ed 
th a t  th e  DMSO so lub le  lig n in  ( ty p e  1 lig n in ) c o n s is ts  of e i th e r  small 
a n d /o r  h ig h ly  b ra n c h e d  m olecules w ith  a  h ig h  co n d en sed  lig n in  c o n te n t 
(90%), a n d  is  a s so c ia te d  w ith  a  p e n to sa n  f ra c t io n  w h ereas  th e  re s id u a l 
lig n in  ( ty p e  2 lig n in ) , in  r y e g r a s s  a t  le a s t, is e i th e r  la rg e  a n d /o r  
s t r a ig h t  ch a in ed  lig n in , h av e  a  m uch low er co n d en sed  lig n in  c o n te n t 
(59%) an d  is  a s so c ia te d  w ith  a  p e n to sa n /h e x o sa n  fra c tio n . I t  is  also 
su g g e s te d  th a t  two d if fe re n t  xy lan  com ponents a re  p r e s e n t  in  th e  
s ta r t in g  m ateria ls .
I t  was su g g e s te d  th a t  th e  two d if fe re n t  lig n in  m oieties may have 
o r ig in a te d  from  d if fe re n t a re a s  w ith in  th e  cell wall, ty p e  1 lig n in  
o r ig in a tin g  from  th e  se c o n d a ry  cell wall an d  ty p e  2 lig n in  from  p rim ary  
la y e rs  of s e c o n d a ry  th ic k e n e d  cell walls.
The d is tr ib u tio n  of the major phenolic and carbohydrate components of the  
c e ll w alls through the frac tio n a tio n  scheme is  sim plified  in tab le  1.
TABLE 1.
FRACTION 
UNTREATED 
OXALATE HYDROLYSED 
OXALATE MeOH
OXALATE H^O 
DMSO SOLUBLE
DMSO RESIDUE 
DRISELASE SOLUBLE
BARLEY STRAW
2% Ara, 20% Xyl 
0.29% p -CA, 0.22% FA 
9.5% lign in
Most of o rig in a l Xyl, FA, 
p -CA and lignin . L i t t le  Ara
Most of o rig in a l Ara 
and so lu b ilised  phenolics
E ssen tia lly  the  same as 
MeOH but more Glu, le ss  
xylose and phenolics.
Xyl mostly oligomeric.
Mostly g 1-4 xylan 
l i t t l e  phenolic acid 
(mostly p -CA) high lign in  
(28.6%). Lignin highly 
condensed, poorly branched 
(or high Mw*) S/G 0.79.
Very s im ilar to  oxalate 
hydrolysed,
36% of DMSO residue 
some Xyl and Glu l i t t l e  
phenolics.
RYEGRASS
4.7% Ara, 22% Xyl 
0.4% p-CA, 0.68% FA 
4.7% lign in
Most Xyl, some Ara 
l i t t l e  FA & p -CA
Sim ilar to  Barley straw  
but higher phenolic acid 
content (esp FA 2.6%)
Very sim ilar to  barley 
straw  but a s lig h tly  
higher Ara content.
Mostly g 1-4 xylan 
higher phenolic acid 
(1% FA, 0.6% p-CA) low 
lignin. Lignin highly 
condensed and highly 
branched (or low Mw t) 
S/G 0.71
Very s im ilar to oxalate 
hydrolysed.
76% of DMSO residue 
some Xyl and Glu l i t t l e  
phenolics.
DRISELASE RESIDUE 40% of o rig inal.
Mostly Xyl and Glu 
most of o rig in a l phenolics
12.4% of o rig in a l 
Mostly Xyl and Glu 
very l i t t l e  of o rig in a l 
phenolics. Lignin poorly 
branched (or high Mw+) 
poorly condensed.
S/G 0.5.
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1-0 INTROD U CTION.
1.1 GENERAL INTRODUCTION.
The p la n t cell wall is  a  com plex am orphous m atrix  of n e u tra l  an d  
ac id ic  p o ly sa c c h a rid e s  s u r ro u n d in g  a  " sk e le to n ” of ce llu lose  m icro fib rils  
(F ry , 1986). I t  a c ts  a s  a  b a r r ie r  to  in fec tio n  (Bell, 1981) an d
d e g ra d a tio n  an d  a lso  h e lp s  th e  cell, an d  p la n t, m aintain  i t s  shape . I t  
c o n tro ls  th e  r a te  of g ro w th  of th e  p la n t (McNeil e t  al., 1984) an d  is  a  
b asic  so u rc e  of e n e rg y  an d  f ib re  in  th e  food ch a in  (E vans e t al., 1984). 
F o r th e s e  re a so n s , a  th o ro u g h  know ledge of th e  s t r u c tu r e  an d  
ch e m is try  of th e  p la n t cell wall is  e s s e n tia l  (D arvill e t aL , 1980).
At p re s e n t ,  o u r  know ledge of th e  c h em is try  of cell w alls is
r e s t r ic te d  to  th e  s t r u c tu r e  a n d  p h y s ic a l p ro p e r t ie s  of in d iv id u a l
com ponents e .g  th e  hem icellu loses, lig n in , ce llu lose a n d  p e c tin s  and
re la tiv e ly  li tt le  is  know n a b o u t how th e se  com ponents a re
in te rc o n n e c te d  w ith in  th e  cell wall (F ry , 1986). Many of th e  p roblem s 
a sso c ia te d  w ith  a n sw e rin g  su c h  q u e s tio n s , how ever, may now be
overcom e w ith  th e  a d v e n t of im provem ents in  a n a ly tic a l m ethodology 
an d  th e  ap p lica tio n  of h ig h  pow ered  a n a ly tic a l an d  ch ro m ato g rap h ic  
te c h n iq u e s  (Himmelsbach, 1989; Boon, 1989; C hesson & M urison, 1989).
Alkali h as  b een  u se d  to  in c re a se  th e  d ig e s tib il ity  of p la n t feed  
s tu f f s  s i n c e  th e  b eg in n in g  of th is  c e n tu ry  (K ellner & K ohler, 1900,
fo r  o rig in a l re fe re n c e  see T en ru d , 1987). The p re c ise
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m echanism s of th i s  phenom enon  h av e  b een  a  c o n tro v e rs ia l s u b je c t  fo r  
m any y e a rs  an d  h av e  on ly , re la tiv e ly , re c e n tly  come to  lig h t.
A lkaline tre a tm e n t h a s  b een  show n to  cau se  a  w ide r a n g e  of e ffe c ts  
on th e  cell wall e .g  so lu b ilisa tio n  of silica, hem icellu lose an d  p h eno lics  
a n d  d e c re a s in g  th e  c ry s ta l l in i ty  of cellu lose (Jack so n , 1977; E vans, 
1979). Only th e  so lu b ilisa tio n  of p h en o lics  h as  been  show n to  have  a 
h ig h  Co r r e l a t  ion  w ith  in c re a s in g  cell wall d ig e s tib il ity  (C hesson , 1981).
The im p o rtan ce  of p h en o lics  (phenolic  ac id s  a n d  lign in ) in  lim iting 
cell w all d ig e s tib il ity  is  now g e n e ra lly  a cc ep ted  a s  beyond  d o u b t (Brice 
& M orrison , 1982; C hesson , 1988). The m ost im p o rtan t q u e s tio n s  to  be 
a n sw e re d  now, a re  th o se  p e r ta in in g  to  th e  p re c ise  n a tu re , an d  e x te n t 
of th e s e  lin k a g e s  w ith in  cell w alls.
The p u rp o se  of th is  r e s e a rc h  w as to  s tu d y  th e  n a tu re ,  d e g re e  and  
d is tr ib u tio n  of p h e n o lic -c a rb o h y d ra te  lin k a g e s  in  G ram inaceous cell 
w alls.
The follow ing se c tio n s  will b r ie f ly  d e sc r ib e  m any of th e  te c h n iq u e s  
u se d  in  cell wall s tu d ie s ,  a n d  o u r  p r e s e n t  know ledge of cell wall 
s t r u c tu re .
B otanical taxonom y d iv id es  th e  an g io sp erm s (flow ering  p la n ts )  in to  
two su b c la s se s , th e  m onocoty ledons (m onocots) a n d  d ico ty ledons 
(d ico ts). As th is  p ro je c t  w as c o n ce rn ed  w ith  th e  Gram ineae (g ra s s e s  
an d  c e re a ls ) , a  su b g ro u p  of th e  m onocots, th e  following d e sc rip tio n  of 
th e  s t r u c tu r e  of cell w alls will c o n c e n tra te  p rim arily  on th o se  of th e  
m onocots. H owever, a s  m uch of o u r  p r e s e n t  know ledge an d
- 3 . -
u n d e rs ta n d in g  of cell w alls h a s  stem m ed from  re s e a r c h  on  d ico ts , th e  
s t r u c tu r e  a n d  fu n c tio n s , w h ere  know n, of th e  cell wall com ponents of 
b o th  will be p re s e n te d .
As th is  p ro je c t  w as p rim a rily  co n c e rn e d  w ith  p h e n o lic -c a rb o h y d ra te  
lin k a g e s  a n d  th e i r  p o ss ib le  ro le  in  th e  lim itation  of cell wall 
d ig e s tib il ity , th e s e  s u b je c ts  w ill re c e iv e  sp ec ia l co n s id e ra tio n .
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1.2 CELL WALL ULTRASTRUCTURE AND DEVELOPMENT.
H isto logical exam ination of p la n t m ateria l c le a r ly  re v e a ls  a  v a r ia tio n  
in  ce ll wall ty p e s .  T his v a r ia tio n  can  be sim ply c la ss ified  in to  p rim ary  
a n d  se c o n d a ry  cell w alls.
As th e  name im plies, p r im a ry  w alls a re  th o se  form ed f i r s t  an d  a re  
fo u n d  on a c tiv e ly  g row ing  u n d if fe re n tia te d  cells . The p r im a ry  wall 
c o n s is ts  of hem icellu lose an d  random ly  a r r a n g e d  cellu lose f ib r i ls  w hich  
a re  co n n ec ted  to  each  o th e r ,  in  d ico ts , v ia  an  in te rc e llu la r ,  p e c tin  r ic h  
re g io n  called  th e  m iddle lam ella (N o rd k v is t, 1987). As th e  cell 
d if fe re n tia te s  th e  cell wall u n d e rg o e s  se c o n d a ry  th ic k e n in g  to  p ro d u ce  
a  se c o n d a ry  cell wall an d  i t  is  a t  th is  p o in t th a t  lig n ifica tio n  b eg in s  
(S e lv e n d ra n , 1983). The new ly form ed w all m a te ria l is  d ep o s ited  on th e  
in s id e  of th e  p rim ary  w all an d  h as  a  m ore com plex s t r u c tu r e  (E sau, 
1977). (F ig u re  1.2.1).
Figure 1.2.1 General scheme of the structure of the plant cell wall.
w arty layer
p rim ary  wall
m iddle lamella
As can  be seen  from  f ig u re  1.2.1, th e  se c o n d a ry  wall is  a 
m u ltilay e red  s t r u c tu r e  w ith  each  la y e r  h av in g  a  d if fe re n t  o rie n ta tio n  of 
i t s  ce llu lose  f ib r i ls  (H iguchi, 1981). The S3 la y e r  is  o ften  co n s id e re d  
d is t in c t  en o u g h  from  th e  S I a n d  S2 to  be  called  th e  t e r t i a r y  la y e r  
(E sau , 1977). On th e  in s id e  of th e  S3 la y e r  th e re  is  a n o th e r  m uch 
th in n e r  la y e r  w hich  can  o f te n  be eas ily  overlooked . T his is  th e  
so -ca lled  ’w a r ty  la y e r ’ an d  is  th o u g h t to  be com posed of rem n a n ts  of 
th e  p ro to p la s t (E ngels  & B rice, 1985). T his h a s  been  fo u n d  to  be 
p a r t ic u la r ly  r e s i s ta n t  to  ce llu lo y tic  a t ta c k  an d  cou ld  be of c o n s id e ra b le  
im p o rtan ce  in  ce ll w all d eg ra d a tio n .
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1.3 CELL WALL METHODOLOGY.
In  o rd e r  to  u n d e r s ta n d  th e  te c h n iq u e s  u se d  a n d  d ifficu ltie s  
e n c o u n te re d  in  cell w all r e s e a r c h  i t  w as fe l t  n e c e s s a ry  to  d is c u s s  some 
of th e  old te c h n iq u e s  a n d  some of th e  new er m ethods now availab le  fo r 
cell wall s tu d ie s .
1.3.1 Cell Wall P re p a ra tio n .
The g row ing  p la n t is  a  com plex m ix ture of d if fe re n t cell ty p e s  an d  
c o n se q u e n tly  cell wall ty p e s . The d if fe re n t  cell wall ty p e s  each  co n ta in  
th e i r  own re la tiv e  c o n c e n tra tio n s  an d , p o ssib ly , ty p e s  of in d iv id u a l 
com ponents. In  o rd e r  to  fu lly  u n d e r s ta n d  th e  s ig n ifican ce  of th e se  
com ponents in  re la tio n  to  th e  p la n t i ts e lf  an d  d e g ra d a tio n  in  p a r tic u la r ,  
we m ust hav e  m eans w h e reb y  we can  sp ec ify  th e  cell wall ty p e s  th a t  a 
com ponent h as  been  iso la ted  from . Care m ust a lso  be ta k e n  in  know ing 
th e  c u ltiv a r , th e  s ta g e  of g ro w th , th e  s ta te  of th e  p la n t, th e  grow ing  
co n d itio n s  a n d  th e  h is to ry  betw een  h a rv e s tin g  an d  an a ly s is  (Wilkie, 
1979). Cell c u l tu re  te c h n iq u e s  hav e  been  w idely  u sed  fo r  a  num ber of 
sp ec ie s  an d  have  y ie ld ed  v a lu ab le  r e s u l ts  (B auer e t al., 1973: F ry , 1982, 
1983, 1987: McNeil e t  al., 1980: K ieliszew ski & Lam port, 1987). One 
s ig n if ic a n t p roblem  in  cell c u l tu re  te c h n iq u e s  how ever is  th e  d ifficu lty  
in  o b ta in in g  a p u re  cell line w ith  id e n tica l se c o n d a ry  cell walls, 
th e re fo re  th is  m ethod h as  only  been  of re a l v a lu e  fo r  p rim ary  cell wall 
s t r u c tu re .  A no ther, more w idely  u sed  a p p ro a c h , is  to  ac tu a lly  iso la te  
th e  cell w alls of
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in t e r e s t  from  w hole p la n t m ateria l. A num ber of a p p ro a c h e s  can  be 
ta k e n  in  th is  r e s p e c t  e .g  m icro d issec tio n  of p la n t m ateria l (H inton, 
1947). T h is te c h n iq u e  is  s e v e re ly  r e s t r ic te d  b y  th e  q u a n titie s  of 
m ateria l n eed e d  fo r  a n  ex te n s iv e  s tu d y . A m ix ture of s iev in g  and  
d if fe re n tia l  c e n tr ifu g a tio n  is  a  m ore common a p p ro a c h  an d  h as  been  
w idely  u se d  to  good e ffe c t (G ordon & Bacon, 1981: G ordon e t  al.f 1985: 
Lomax e t  al., 1983: C hesson  e t  aL , 1985: Wilson e t  aLt 1988: C lem ents, 
1979: S te v e n s , 1973: M ares & S tone, 1973: Bacic & S tone, 1981).
1.3.2 Cell Wall F rac tio n a tio n .
Much of o u r  c la ss ific a tio n  of cell w all com ponents comes from  th e ir  
fra c tio n a tio n  p ro c e d u re s  i.e  d if fe re n t  com ponents e x tra c te d  by  th e  same 
te c h n iq u e  te n d  to  be c la ss ifie d  to g e th e r .  A n u m b er of d if fe re n t so lv en ts  
h av e  b een  u se d  fo r  cell wall f ra c tio n a tio n s  th e  m ost common being  
w a te r , a lka li an d  ch e la tin g  a g e n ts  su c h  a s  EDTA. More re c e n tly  
how ever, a s  more q u e s tio n s  on how th e  cell wall po lym ers a re  p u t  
to g e th e r  a re  be ing  a sk e d , a  w ide v a r ie ty  of ex tra c tio n  so lv en ts  a re  now 
b e in g  u sed . T his s t r a te g y  in v o lv es  u s in g  specific  re a g e n ts  to  e x tra c t 
m ateria l bound  by  sp ec ific  bond  ty p e s  e .g  spec ific  enzym es, 8M u re a  
o r  g u an id in e  h y d ro c h lo r id e  to  b re a k  h y d ro g e n  b o n d s o r  h y d ro p h o b ic  
in te ra c tio n s  an d  mild acid  tre a tm e n t to  cleave w eak g lycosid ic  linkages . 
T his whole s u b je c t  h as  been  e x ten s iv e ly  d isc u sse d  by  F ry , (1986) who 
em phasises  th e  q u e s tio n s  a  re s e a rc h e r  m ust a sk  him self p r io r  to  
frac tio n a tio n .
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Once iso la ted , th e  cell w all com ponents can  be s e p a ra te d  an d  
p u r if ie d , in  p re p a ra t io n  fo r  s t r u c tu r a l  a n a ly s is , by  a  w ide v a r ie ty  of 
ch ro m a to g rap h ic  te c h n iq u e s . Gel f i l tra tio n  is  one of th e  m ost common 
m ethods ap p lied  h e re  a n d  can  ra p id ly  y ie ld  re la tiv e ly  la rg e  am ounts of 
’p u r if ie d ’ m ateria l. A d so rp tio n  of some cell wall com ponents on to  th e  
gel, e sp ec ia lly  th o se  co n ta in in g  p h eno lics  (S a rk an en  e t  al., 1981), is  a 
common e x p e rien ce  an d  c a re  sh o u ld  be ta k e n  b e fo re  ap p ly in g  th e  
sam ple. O th er m ethods commonly em ployed a re  se lec tiv e  p re c ip ita tio n  
(R edgew ell & S e lv e n d ra n , 1986: Yamaoka & Chiba, 1983: M eier, 1965: 
G aillard , 1961), ion ex ch an g e  c h ro m a to g rap h y  (D arvill e t  al. , 1980) an d  
m em brane u l t r a  f i l tra tio n  (Conchie e t  al., 1988).
1.3.3 Chem ical S tru c tu r a l  A nalysis.
1.3.3.1 P o ly sacch a rid es .
The monomer com position o f a n  iso la ted  a n d  ’purified* p o ly sacc h a rid e  
can  sim ply be d e te rm in ed  b y  GC, u su a lly  as  th e i r  a ld ito l a c e ta te s  
(B lakeney e t  aL, 1983). F or GC an a ly s is  u ro n ic  ac id s  m ust be re d u c e d  
p r io r  to  GC an a ly s is  (York e t  al., 1985). However due to  th e  no to rio u s 
d iff icu ltie s  inv o lv ed  w ith  th is ,  i t  is  o fte n  m uch sim pler to  determ ine 
to ta l u ro n id e s  co lo rim etrica lly  (B lum enkran tz  & A sboe-H ansen, 1973).
The nex t s te p  in  p o ly sacc h a rid e  a n a ly s is  is  to  determ ine th e  
lin k ag es  p r e s e n t  by  m ethy la tion  a n a ly s is , u su a lly  by  th e  Hakomori 
te c h n iq u e  (Hakomori, 1964). The f re e  h y d ro x y l g ro u p s  on th e
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p o ly sa c c h a rid e  a re  io n ised  th e n  m e th y la ted  b y  m ethy l iod ide, th e  
p o ly sa c c h a rid e  is  th e n  h y d ro ly se d  in to  th e  m onom ers, a c e ty la te d  an d  
a n a ly se d  b y  GC. The p o s itio n s  of th e  m ethyl g ro u p s  on th e  m onom ers 
te ll  u s  th e  lin k ag e  p o s itio n s  in  th e  p o ly sacc h arid e . F or m ore d e ta iled  
a n a ly s is  of th e  a r ra n g e m e n t of th e  monom ers in  th e  p o ly sa c c h a rid e  a 
m ix tu re  of te c h n iq u e s  e .g  mild ac id  h y d ro ly s is , enzym ic h y d ro ly s is  and  
p e r io d a te  ox ida tion , w ith  c h a ra c te r is a tio n  of th e  p ro d u c ts  a re  n eed ed  
(F in ch e r & S tone, 1986).
S pecific  s u b s t i tu e n ts  can  be a n a ly se d  by  a  num ber of te c h n iq u e s  e.g  
a c e ty l g ro u p s  (B ethge & L indstrom , 1973), pheno lic  ac id s  (H artley  & 
B uchan , 1979: Salm onsson e t  al., 1978) an d  m ethyl e s te r s  (Wood & 
S id d iq u i, 1971). The p o s itio n s  of a lka li lab ile  s u b s t i tu t io n s  on th e
p o ly sa c c h a r id e s  can  a lso  be d e te rm in ed  by  a c e ta la tio n /m e th y la tio n
an a ly s is  (Lomax e t  al., 1983).
1.3.3.2 L ignin.
Due to  th e  enorm ous com plexity  of bo n d in g  p a t te rn s  in  lig n in , i t  is 
ex trem ely  d iff ic u lt to  s t r u c tu ra l ly  a n a ly se  lig n in s , b y  w et chem ical 
m eans, to  th e  same e x te n t th a t  we can  fo r  p o ly sacc h a rid es . For
q u a n tita t iv e  a n a ly s is  of to ta l lig n in  a  num ber of te c h n iq u e s  a re
availab le  su c h  a s  p e rm a n g an a te  ox idation  (E rick so n  e t  al., 1973), a c e ty l 
brom ide d e te rm in a tio n  (M orrison, 1972), Klason lig n in  (E ffland , 1977) and  
C h ris tia n  lig n in  (C h ris tian , 1971). I t  shou ld  be n o ted  th a t  each  m ethod 
h as  i ts  own lim itations an d  d ifficu ltie s  an d  c a re  shou ld  be ta k e n  in 
choosing  an y  p a r t ic u la r  m ethod. S tru c tu ra l  s tu d ie s  a re  m uch more
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lim ited a n d  few m ethods a re  availab le . One of th e  m ost common is 
n itro b e n z e n e  ox ida tion  (C hang & Allen, 1971) w hich  c leav es  e th e r  bonds 
to  y ie ld  a  v a r ie ty  of a ld e h y d e s  w hich  can  th e n  be u se d  to  g ive  u s  a 
sy r in g y l,  g u a iacy l a n d  p -co u m a ry l co n ten t. N itrobenzene  oxidation  
a b o u n d s  w ith  p rob lem s an d  d iff icu ltie s , su c h  a s  low y ie ld s  of p ro d u c ts , 
pheno lic  a c id s  a re  in c lu d ed  a s  th e i r  p a re n t  a ld e h y d e s  an d  th e  p ro p y l 
s id e  ch a in  is  c leav ed  (L ap ie rre  e t  al., 1989). A re la tiv e ly  new te c h n iq u e , 
th io ac id o ly s is  (L a p ie rre  e t  al., 1985) w hich  specifica lly  c leav es  a lk y l 
a ry l  e th e r  b o n d s  overcom es m any of th e se  p rob lem s an d  p rom ises to  be 
an  im p o rta n t te c h n iq u e . H ow ever i t  m ust be rem em bered  th a t  
th io ac id o ly s is  an d  n itro b e n z e n e  ox ida tion  m easu re  on ly  th e  u n co n d en sed  
com ponent of lig n in .
1.3.4 P h y s ica l T ec h n iq u es  In  S tru c tu r a l  A nalysis.
1.3.4.1 M icroscopy.
The m icroscope h as  b een  an  in v a lu ab le  a n d  w idely  u se d  tool fo r 
m any y e a rs  in  cell wall s tu d ie s . I t  h a s  b een  u se d  in  th e  s tu d y  of th e  
b reak d o w n  of cell w alls in  th e  rum en  (Akin, 1986) th e  asso c ia tio n s  
b e tw een  th e  m icroorgan ism s a n d  th e  cell wall (G renet, 1989), an d  in  
m orphological s tu d ie s  (E sau, 1977).
The m icroscope can  also  be u se d  fo r th e  localisa tion  of specific  
com ponents. A v a r ie ty  of h isto log ica l s ta in s  have  been  availab le  fo r 
many y e a rs  (Akin, 1989). The u se  of s ta in s  in  localising
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p o ly sa c c h a rid e s , how ever, is  r a th e r  more d ifficu lt. Problem s a sso c ia ted  
w ith  co n v en tio n a l s ta in in g  te c h n iq u e s  can  be overcom e w ith  two 
re la tiv e ly  new te c h n iq u e s , b o th  u s in g  a  sim ilar a p p ro ac h . P e rh a p s  th e  
m ore common of th e se  m ethods is  th e  u se  of gold labe lled  enzym es. An 
enzym e sp ec ific  to  th e  cell wall com ponent of in te r e s t  is  p u r if ie d  an d  
labelled  w ith  gold, th e n  ap p lied  to  a  cell wall p re p a ra tio n  an d  s tu d ie d  
by  tra n sm iss io n  e le c tro n  m icroscopy  (TEM). This h as  been  su c c e ss fu lly  
ap p lied  to  a  v a r ie ty  of p o ly sa c c h a r id e s  an d  cell ty p e s  (Ruel & Jose leau , 
1984).
The seco n d  m ethod is  to  ra is e  spec ific  a n tib o d ie s  a g a in s t th e  
m a te ria l of in te r e s t  an d  lab e l th e  a n tib o d ie s  w ith  gold. This has 
re c e n tly  b een  ap p lied  to  rh am n o g a lac tu ro n an  I an d  xy log lucan  in  maize 
(Moore & S taeh e lin , 1988). I t  sh o u ld  be n o te d  th a t  g re a t  c a re  has to  be 
ta k e n  in  d e fin in g  th e  sp e c if ic ity  of th e  an tib o d ie s .
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1.3.4.2 In f r a r e d  S p ec tro sco p y .
When e lec tro m ag n e tic  ra d ia tio n  in  th e  in f ra re d  (IR) re g io n  is  p a sse d  
th ro u g h  a  sam ple, some of th e  ra d ia tio n  is  a b so rb e d , ca u s in g  th e  
m olecules to  v ib ra te .  T hese  a b so rp tio n  b a n d s  a re  c h a ra c te r is t ic  fo r 
d if fe re n t  fu n c tio n a l g ro u p s . T h e re fo re  an  IR sp ec tru m  can  g ive u s  a  
c o n s id e ra b le  am ount of in fo rm ation  a b o u t th e  m olecular s t r u c tu r e  of a 
g iv e n  sam ple. To d a te , two re g io n s  of th e  IR sp ec tru m  have  been  u sed  
in  cell wall s tu d ie s , mid (MIR) an d  n e a r  IR (NIR).
MIR is  p ro b a b ly  th e  b e t te r  know n te c h n iq u e  an d  has been  u sed  as  a 
ro u tin e  too l in  o rg a n ic  ch e m is try  fo r  m any y e a rs . In  g en e ra l, i t  co v ers  
th e  re g io n  2.5-50 pm an d , in  e x p e rien ced  h a n d s , can  y ie ld  va luab le  
s t r u c tu r a l  im form ation. A v a r ia tio n  of c la ss ica l MIR, m ultiple re fle c ta n c e  
MIR, h as  r e c e n tly  been  ap p lied  to  rum en  d ig e s te d  ce re a l s tra w s  to  
s tu d y  c h a n g e s  in  s u rfa c e  s t r u c tu r e  (R usse ll e t  al., 1988).
NIR is  a  com p ara tiv e ly  le s s e r  know n te c h n iq u e  an d  c o v e rs  th e  
re g io n  1100-2500 nm (M urray , 1987). The s p e c tr a  from  NIR te n d  to  be 
som ew hat sm ooth an d  f e a tu r le s s ,  an d  p re c ise  ass ig n m e n t of a b so rp tio n  
b a n d s  is  som ew hat te n ta t iv e  (Himmelsbach, 1989), th e re fo re  i t  is 
o b v io u sly  of lim ited u se  in  s t r u c tu r a l  s tu d ie s . However i t  h as  fo u n d  a 
p ra c tic a l u se  in  e v a lu a tin g  fe e d s tu f f s  an d  in  following tr e n d s ,  by  th e  
m athem atical m anipu la tion  of a  la rg e  num ber of sam ples (R ussell e t al., 
1989).
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1.3.4.3 NMR S p ec tro sco p y .
The n u c le u s  of a  h y d ro g e n  atom  a c ts  a s  a  sp in n in g  m agnet. When an  
e x te rn a l m agnetic  f ie ld  is  ap p lied , th e  n u c leu s  can  ta k e  u p  one of two 
p o s itio n s  w ith  r e s p e c t  to  th e  ap p lied  fie ld , a lig n ed  e i th e r  w ith  (low 
e n e rg y ) ,  o r  a g a in s t (h ig h  e n e rg y )  th e  ap p lied  fie ld . U n d er th e  
in flu en ce  of th e  e x te rn a l m agnetic  fie ld  th e  n u c leu s  will ’p r e c e s s ’ 
a ro u n d  th e  axis of th e  ap p lied  fie ld . If  a  p re c e ss in g  n u c leu s  is exposed  
to  rad io  f re q u e n c y  e n e rg y  of th e  c o r re c t  f re q u e n c y , a  low e n e rg y  
n u c le u s  can  a b s o rb  th is  e n e rg y  an d  jum p to  th e  h ig h e r  e n e rg y  s ta te . 
The f re q u e n c y  r e q u ire d  to  make th e  jum p d ep en d s  on th e  im mediate 
en v iro n m en t of th e  n u c leu s . T h e re fo re  w hen sam ples a re  scan n ed  w ith  a 
ra n g e  of f re q u e n c ie s  a  c h a ra c te r is t ic  ra n g e  of a b so rb tio n s  can  be 
d e te c te d . In  p ra c tic e  i t  is  e a s ie r  to  hold  a t  a  s te a d y  f re q u e n c y  an d  
a l te r  th e  m agnetic  fie ld  u n ti l  each  n u c le u s  re a c h e s  th e  ap p lied  
f re q u e n c y  an d  th e re fo re  comes to  re so n a n c e  (Kemp, 1987).
Due to  th e  law s of quan tum  m echanics on ly  n ucle i w ith  a  sp in  
quan tum  num ber g r e a te r  th a n  1 can  be u se d  fo r  NMR, th e  most 
commonly u se d  be ing  1H an d  13C. NMR h as  been  u sed  to  good e ffe c t by 
o rg an ic  ch em ists  fo r  some tim e fo r  th e  e lu c id a tio n  of m olecular 
s t r u c tu r e s  a n d  is now an  in d isp e n sa b le  tool to  th e  o rg an ic  chem ist.
The te c h n iq u e  w as q u ick ly  ta k e n  u p  by  lig n in  an d  c a rb o h y d ra te  
ch em ists  an d  has g iv en  co n s id e ra b le  in s ig h t in to  some of th e  f in e r  
s t r u c tu r e  of iso la ted  cell wall p o ly sa c c h a rid e s  (C hanzy e t al, 1987) 
an d  he lp ed  u n ra v e l some of th e  m y s te rie s  of lig n in  s t r u c tu r e  (Nimz, 
1974). C lassical NMR how ever h as  a t  le a s t  two m ajor d isa d v a n ta g e s , 1)
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High com plexity  of s p e c tr a  from  complex po lym ers an d  2) i t  could  only  
be u se d  on  so lub le  cell w all frag m e n ts .
With th e  a d v e n t of m ore a n d  more pow erfu l m achines an d  th e ir  
in c re a s e d  com m ercial av a ila b ility  an d  a  m ore ro u tin e  u se  of two 
d im ensional te c h n iq u e s  (Himmelsbach, 1989), m any of th e  p rob lem s of 
s t r u c tu r a l  com plexity  can  be overcom e.
Solid s ta te  NMR (S te jsk a l & S ch ae fe r, 1975) is  a  re la tiv e ly  new 
te c h n iq u e  w hich  overcom es th e  problem  of on ly  be ing  ab le  to  s tu d y  
iso la ted  m ate ria ls  a n d  s tu d y  them  in  s itu . To d a te , th e  te c h n iq u e  has 
n o t b een  e x te n s iv e ly  u se d  on cell w alls as  re so lu tio n  is  poor due to 
d ip o la r b ro a d e n in g  (S a n d e rs  & H u n te r, 1987) an d  p re c ise  a ss ig n m en t is  
a  p rob lem , how ever w ith  f u tu r e  u se  a n d  developm ents, m any of th e se  
p rob lem s may be  overcom e.
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1.3.4.4 P y ro ly s is .
P y ro ly s is  (Py) is  a  te c h n iq u e  w h ereb y  complex m a te ria ls  su c h  a s  cell 
w alls, a r e  th e rm ally  d is so c ia te d  in to  small, v o la tile , e a s ily  a n a ly se d  
fra g m e n ts , w hich  can  th e n  be s tu d ie d  by  e i th e r  g as  c h ro m a to g rap h y  
(GC) o r  m ass sp e c tro m e try  (MS).
The k ey  to  good p y ro ly s is  is  th e  ab ility  to  d isso c ia te  th e  sam ples in 
a  c o n tro lled  an d  re p ro d u c ib le  m anner (Irw in , 1982). This can  be done in  
a  n u m b er of w ays b u t  two of th e  m ost common a re  C urie p o in t Py an d  
p la tinum  filam en t Py.
In  C urie  p o in t Py, a  fe rro m a g n e tic  w ire is  in d u c ed  to  i t s  C urie p o in t 
b y  a  h ig h  f re q u e n c y  coil. The ra p id  h ea tin g  r a te s  an d  re p ro d u c ib ili ty  
of th is  m ethod make i t  h ig h ly  a d v a n ta g e o u s  o v e r  m ost o th e r  m ethods 
(Boon, 1989). In  Py-M S, th e  h ig h  f re q u e n c y  coil can  d is tu rb  th e  
e lec tro m ag n e tic  f ie ld s  in  th e  ion so u rc e , so p y ro ly s is  has to  be 
p e rfo rm ed  f u r th e r  aw ay th u s  c a u s in g  p rob lem s w ith  th e  t r a n s f e r  of 
h ig h e r  m olecular w e ig h t fra g m e n ts . T his can  be overcom e by  u sin g  
p la tinum  filam en t Py w h e reb y  a  p la tinum  filam ent is  re s is tiv e ly  h ea ted  
d ire c tly  in s id e  th e  ion so u rc e  (G enuit & Boon, 1987).
Once th e  sam ple h as  been  p y ro ly se d , th e  frag m e n ts  can  th e n  be 
e i th e r  fed  d ire c tly  in to  an  MS o r a  GC (w ith c h a ra c te r is a tio n  of th e  
p e a k s  b y  MS).
For MS a n a ly s is , th e  f ra g m e n ts  can  be ion ised  in  a  v a r ie ty  of w ays 
e .g  e le c tro n  im pact (E l), chem ical ion isa tio n  (Cl), pho to ion isa tion  an d  
fie ld  io n isa tio n  d e p en d in g  on th e  m ateria ls  an d  com ponents of in te re s t .  
For cell wall s tu d ie s  more th a n  one m ethod may be u se d  fo r  optimum
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a n a ly s is , a s  some ty p e s  of io n s  may be frag m e n ted  too  m uch by  one 
m ethod a n d  a n o th e r , s o f te r ,  m ethod may be m ore su ita b le  to  o b ta in  a  
m olecular ion  (Boon, 1989).
P y ro ly s is  h as  b een  ap p lied  to  a  num ber of cell w all s tu d ie s , (H artley  
& H averkam p, 1984: Pouw els e t al, 1987: Saiz-Jim enez e t al,, 1987: G enuit 
& Boon, 1987: Faix e t  al., 1987: O hin ish i & Kato, 1977: Windig e t al.,
1983).
Id e n tif ic a tio n  of m any of th e  ions (espec ia lly  h ig h e r  m olecular w eigh t 
ones) b y  com parison  w ith  s ta n d a rd s  s till  te n d s  to  be som ew hat 
te n ta t iv e  a n d  tandem  MS is  n eed ed  fo r  p o s itiv e  id en tif ica tio n . In  tandem  
MS a  seco n d  sp e c tro m e te r  is  a tta c h e d  to  th e  f i r s t  in  su ch  a  way th a t  
an y  ion may be p a sse d  th ro u g h  to  th e  second  sp ec tro m e te r  in  o rd e r  to 
o b ta in  a  fra g m e n ta tio n  p a t te r n  fo r  th a t  ion.
The a d v a n ta g e s  of p y ro ly s is  a s  a  ro u tin e  a n a ly tic a l tool a re  th e  
ra p id  an d  sim ple sam ple p re p a ra tio n , small sam ple size, th e  ease  w ith 
w hich  m ost sy stem s can  be au tom ated  an d  th e  ra p id  an a ly s is  time. 
S e rio u s  d isa d v a n ta g e s  h ow ever do ex ist, in  th e  h ig h  c o s t of v e ry  
sp ec ia lised , com plex an d  de lica te  eq u ip m en t an d  th e  need  fo r  h ig h ly  
tr a in e d  s ta f f  (M euzelaar e t  aL , 1984).
1.4 CELL WALL STRUCTURE.
1.4.1 Cellulose.
C ellulose is  th e  m ost a b u n d a n t cell wall po lym er a n d  m akes u p  th e  
m ic ro fib rilla r  com ponent of th e  cell wall. Cellulose f ib r i ls  a re  com posed 
of long  c h a in s  of 13 1-4 lin k ed  g lu co sy l re s id u e s  a r ra n g e d  w ith  a
tw ofold  sc rew  axis i.e  tw o g lu co sy l r e s id u e s  p e r  tu r n  of helix. I t  would
a p p e a r  th a t  p rim ary  a n d  se c o n d a ry  cell w alls have d if fe re n t ty p e s  of 
ce llu lo se  f ib r il .  P rim ary  f ib r i ls  a re  th o u g h t to  be made up  of 60-70 
g lu c an  c h a in s  an d  h av e  a  d iam ete r of 4 .5-8.5 nm (P re s to n , 1974).
S eco n d a ry  cell wall f ib r i ls ,  how ever, a re  m uch th ic k e r  (M uhlethaler,
1967) a n d  may r e s u l t  from  th e  a g g re g a tio n  of p rim ary  f ib r i ls  (D arvill e t  
aL , 1980). The d e g re e  of p o lym erisa tion  (DP) is  also  d if fe re n t in
se c o n d a ry  a n d  p rim ary  f ib r ils .  P rim ary  cellu lose seem s to  have a 
no n -u n ifo rm  DP of e i th e r  u n d e r  500 o r  betw een  2,500 an d  4,500
(B laschek  e t  al., 1982). S eco n d ary  f ib r i ls ,  on th e  o th e r  h an d , have a 
h ig h  DP of app rox im ate ly  14,000 (M arx-Figini; 1966 an d  M arx-F ig in i and  
Schu lz  1966). X -ray  d iff ra c tio n  a n a ly s is  of f ib r ils  show th a t  seco n d a ry  
f ib r i ls  hav e  a  h ig h  d e g re e  of c ry s ta l l in i ty  an d  th e  g lu can  ch a in s  a re  
a r r a n g e d  in  a  p a ra lle l m anner (i.e th e  re d u c in g  en d s  p o in tin g  th e  same 
d irec tio n ). P rim ary  f ib r i ls ,  how ever, have a m uch low er d eg ree  of
c ry s ta l l in i ty  an d  it  has n o t been  firm ly e s ta b lish e d  w h e th e r th e se  too 
hav e  a  p a ra lle l a r ra n g e m e n t a lth o u g h  it  is  g en e ra lly  p resu m ed  th a t
th e y  have. 13C NMR s tu d ie s  of cellu lose from  a  v a r ie ty  of so u rces
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(A talla & V a n d e rh a r t, 1984; V a n d e rh a rt & A talla, 1984) hav e  in d ica te d  
th a t  n a tiv e  cellu lose may be a  com posite of tw o d is tin c t form s te rm ed  
cellu lose  la  an d  cellu lose  Ib.
P u rif ie d  cellu lose  p re p a ra t io n s  from  cell w alls a re  alw ays fo u n d  to  
co n ta in  s u g a r s  o th e r  th a n  g lucose  in  m inor am ounts. T hese  may be 
co n tam in an ts  o r  may, p o ss ib ly , be in te g ra l  com ponents of th e  cellu lose 
ch a in . I t  is  th o u g h t th a t  p rim ary  cellu lose f ib re s  in  d ico ts  a re  
com plete ly  co v e re d  b y  h y d ro g e n -b o n d e d  hem icellulose esp ec ia lly  
x y lo g lu can s (V alent & A lbersheim , 1974), o th e r  s u g a rs  in  cellu lose 
p re p a ra t io n s  th e re fo re  n o t be ing  in te g ra l  com ponents of th e  cellu lose. 
The p re s e n c e  of D -galac tose  in  cellu lose p re p a ra tio n s , how ever, could 
be exp la ined  by  th e  w ork  of H ughes & S tr e e t  (1974). T hey found  th a t  
th e  c o n c e n tra tio n  of g a lac to se , in  cellu lose  p re p a ra tio n s , could  be 
in c re a se d  b y  th e  a d d itio n  of D -galac to se  to  in  v i tr o  c u ltu re d  ro o ts . 
T hey  sp e c u la te  th a t  D -g alac to se  may c au se  p re m a tu re  cellu lose chain  
te rm in a tio n  th u s  acc o u n tin g  fo r  th e  o b s e rv e d  p h y to to x ic ity  of D- 
g a lac to se .
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1.4.2 H em icelluloses.
T he te rm  hem icellu lose w as f i r s t  co ined  b y  Schu lze  in  1891 (see 
Wilkie, 1979 fo r  o r ig in a l re fe re n c e )  to  d e sc r ib e  p o ly sa c c h a rid e s  
e x tra c te d  from  p la n t t i s s u e s  w ith  d ilu te  alkali. This d e fin itio n  was 
g e n e ra lly  a d h e re d  to  fo r  m any y e a rs  a s  m eaning an y  ’cell wall o r 
in te rc e l lu la r  p o ly sa c c h a rid e  th a t  can  be e x tra c te d , by  alkali, from  
h ig h e r  p la n t t i s s u e s ’ (Wilkie, 1979). This b ro ad  defin itio n  was 
ch a llen g e d , how ever, by  B auer e t  aL , (1973) who h as  re d e f in e d  th e  te rm  
to  in c lu d e  cell wall p o ly sa c c h a rid e s  w hich  a re  fo u n d  n o n -co v a len tly  
bou n d  to  cellu lose. T h is d e fin itio n  h as  a ttem p ted  to  re c la s s ify  th e  
hem icellu loses in to  a  g ro u p  of p o ly sa c c h a rid e s  w ith  sim ilar chem ical 
p ro p e r t ie s  an d  p o ssib le  b iological fu n c tio n .
The n a tu re  of th e  hem icellu loses seem s to  d if fe r  c o n s id e ra b ly  
be tw een  th e  d ico ts  an d  th e  m onocots a n d  s lig h tly  betw een  species.
1.4.2.1 X ylans.
The x y lan s  a re , q u a n tita t iv e ly , th e  dom inant hem icellulose in  
g ram inaceous cell w alls. F or th is  re a so n  th e y  a re  also  th e  m ost s tu d ie d . 
H owever th e  xy lan s  of p rim ary  cell w alls have  n o t been  s tu d ie d  as 
m uch a s  th o se  of s e c o n d a ry  w alls. The basic  s t r u c tu r e  of th e  xy lan s  is 
a  13 1-4 lin k ed  x y lo p y ran o sy l backbone  w ith  a  w ide v a r ie ty  of side 
ch a in s . The side  ch a in s  v a ry  from  sp ec ie s  to  sp ec ie s  an d  from  tis su e  to 
t is s u e , how ever th e se  v a r ia tio n s  p ro b a b ly  re f le c t v a r ia tio n s  in 
p ro p o rtio n s  r a th e r  th a n  th e  n a tu re  of th e  f e a tu re s  (Wilkie, 1979). The 
m ost common side  ch a in  is  a  s in g le  a ra b in o fu ra n o sy l re s id u e  a tta c h e d  to
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C-3 of th e  xylose, th e y  hav e  also  been  fo u n d  a t ta c h e d  to  th e  C-2 in  
x y lan s  e x tra c te d  from  b a r le y  a leu ro n e  la y e rs  (McNeil e t  a l., 1975) an d  
h u s k s  of so rg h u m  g ra in  (Woolard e t  a l , 1976, 1977).
The seco n d  m ost common s id e  ch a in s  a re  s in g le  D -g lu cu ro n o sy l o r  4-
0 -m e th y l-D -g lu cu ro n o sy l re s id u e s  a tta c h e d  to  th e  C-2 of th e  xylose. 
O th er m ore com plex s id e  ch a in s  have  been  fo u n d  in  m onocot xy lans  e.g  
G al-(6 l-4)-Xyl-(13 l-2 ) -A ra f ,  Gal-(I3 l-5 ) -A ra f ,  GluA-(l3 l-4 )-X y l-(fl 1 -4 )- 
Gal a n d  X yl-(0 l -2 ) -A ra f .  A n o n -b ra n c h e d  homoxylan co n ta in in g  no side  
ch a in s  h a s  also  b een  iso la ted  from  e s p a r to  g ra s s  (E h ren th a l e t al., 
1954) a n d  tobacco  (Eda e t  al., 1976). An acid ic  GluA-(l3 1- 4)-Xyl-(13
1-4)-G al s id e  ch a in  h as  been  iso la ted  from  th e  cell w alls of se v e ra l 
m em bers of th e  G ram ineae e .g  ry e g r a s s  (M orrison, 1974 A), o a t p la n ts  
(Reid & Wilkie, 1969) an d  b a r le y  leaf (B uchala, 1973). Monocot xy lans 
may also  p o s se ss  O -acety l e s te r s  a t  th e  0-5  o r  0-2  of th e  a rab in o se , o r 
b o th , a n d  th e  0-2  o r  0-3  , o r  b o th , of th e  xylose (M orrison, 1974 C).
The d e g re e  of a c e ty l s u b s t i tu t io n  p ro b a b ly  a f fe c ts  th e  xy lans ab ility  
to  a g g re g a te  w ith  o th e r  m olecules (N orthcote , 1972, P re s to n , 1979) and  
th e  d e g re e  of s id e  ch a in  s u b s t i tu t io n  w ould a p p e a r  to  a ffe c t th e  
so lu b ility  of th e  xy lan  an d  i ts  ab ility  to  b in d  to  cellu lose. The h ig h e r  
th e  d e g re e  of s u b s t i tu t io n  th e  g r e a te r  i ts  so lu b ility  an d  th e  le ss  i ts  
a b ility  to  b in d  to  cellu lose  (McNeil e t  al., 1975). An u n s u b s t i tu te d  13 1-4 
xy lan  chain  has a  th re e fo ld  le f t  h an d ed  conform ation  (M arch essau lt & 
S e tte r in i, 1964). This s t r u c tu r e  has a  re la tiv e ly  flexible form  due to 
lim ited in t r a  m olecular h y d ro g e n  bond ing  (S e tte r in i & M archessau lt, 
1965) w h ereas  a ra b in o sy l s u b s t i tu e n ts  a p p e a r  to  p ro d u ce  a  more 
ex ten d ed  conform ation  (Dea e t al., 1973) an d  th u s  ’s t if fe n ’ th e  xylan.
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O th er s u b s t i tu e n ts  may a lso  a f fe c t th e  xy lan  in  a  sim ilar m anner 
(F in c h e r & S tone, 1986).
M olecular w e ig h t d e te rm in a tio n s  of monocot x y lan s  d if fe r  g re a tly  
d ep en d in g  on  th e  te c h n iq u e  u sed . S ed im entation  by  u lt ra c e n tr ifu g a tio n  
a n d  osm om etry te n d  to  g ive  v a lu e s  betw een  20 Kd-70 Kd. However gel 
f i l tra tio n  m ethods g ive  m uch h ig h e r  v a lu es  of u p to  5000 Kd, th is  is 
p re su m ab ly  a  g ro s s  o v e res tim a tio n  due to  th e  n o to rio u s  d ifficu ltie s  in 
Mwt d e te rm in a tio n  of p o ly sa c c h a r id e s  by  th is  m ethod (F in ch er & S tone, 
1986), su c h  a s  a g g re g a tio n  in  aq u eo u s  so lu tio n s  (Blake & R ich ard s,
1971).
1.4.2.2 13 D -G lucans.
Non end o sp erm ic  mixed lin k ed  13 D -G lucans h ave , u p  to  d a te , only 
b een  fo u n d  in  cell wall p re p a ra t io n s  from  th e  Gram ineae an d  would
a p p e a r  to  be q u ite  sp ec ific  to  th is  g ro u p  of p la n ts . T hese
p o ly sa c c h a r id e s  a re  com posed of c h a in s  of mixed 13 1-3 an d  13 1-4 linked  
g lu c a n s  w ith  th e  ra tio  of 3 -lin k ed  to  4 -lin k ed  being  from  1 to  2.5 
(F in ch e r & S tone, 1986). The ra tio  of lin k ag es  seem s to  v a ry  w ith  th e  
age  of th e  t is s u e , th e  p ro p o rtio n  of 4 lin k ed  in c re a s in g  w ith  age. T here  
is  no ev id en ce  fo r  s t r ic t ly  re p e a tin g  se q u e n c e s  of lin k ag es . However 
th e y  would a p p e a r  no t to  be to ta lly  random  in  n a tu re  as  a w ate r
so lub le  (3 D -g lucan  from  b a r le y  an d  o a ts  co n ta in s  se q u en ce s  of two o r 
th re e  co n secu tiv e  1-4 lin k ag es  se p a ra te d  by  1-3 lin k ag es  (P a r r ish  e t  
ah, 1960). I t  has since  been  co n c lu siv e ly  show n th a t  ru n s  of more th a n
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th r e e  co n secu tiv e  1-4 lin k a g e s  a re  p r e s e n t  in  a  w a te r  so lub le  8 -g lu ca n  
from  b a r le y  w ith  b locks of u p  to  fo u r te e n  u n its  (Woodward e t aL , 1983). 
B locks of co n tin u o u s  1-3 lin k a g e s  h av e  also  b een  w idely  r e p o r te d , w ith  
b lo ck s of u p  to  fo u r  co n secu tiv e  lin k ag es  in  o a t end o sp erm  (G oldstein  
e t  ahy 1965), a n d  lo n g e r b locks have  b een  r e p o r te d  from  rice  
en d o sp erm  (S h ib u y a  & M isaki, 1978).
The DP of th e  g lu can  ch a in s  in  w heat d e c re a se d  w ith  age  from  75 
to  28 (B uchala & Wilkie, 1973). The m ethod of DP de te rm in a tio n  u sed , 
how ever, d e p e n d s  on th e  re te n tio n  of a  re d u c in g  end . R esu lts  from  
o th e r  m ethods in d ica te  th a t  th e  g lu can s  may a g g re g a te , th ro u g h  
chem ical b o n d in g , to  p ro te in  to  p ro d u c e  a  molecule of Mwt 104 Kd. 
U ltra c e n tr ifu g a tio n  an d  sed im en ta tio n  s tu d ie s  of o a t coleoptile  g lucans  
in d ic a te d  a  DP of 1,500 (Wada & Ray, 1978). A gain gel f i l tra tio n  m ethods 
g ive  m uch h ig h e r  r e s u l t s  ev en  u p  to  40,000,000 d (F o rre s t  & W ainright, 
1977). The p re c ise  ro le  of 13 D -g lucan  w ould a p p e a r  to  be as  a  s to ra g e  
p o ly sa c c h a rid e  a s  th e  13 D -g lu can s of o a t co leop tiles a re  ca tab o lised  an d  
d isa p p e a r  w hen grow n  in  th e  d a rk  w ith o u t an  e n e rg y  so u rce  (N evins e t  
al., 1977). H owever th e i r  g e n e ra l a b u n d a n c e  an d  th e  d iff icu lty  invo lved  
in  rem oving  them  from  cell w all p re p a ra t io n s  a re  m ore c o n s is te n t w ith  
s t r u c tu r a l  po lym ers.
1.4.2.3 X yloglucans.
The b as ic  s t r u c tu r e  of x y log lucans c o n s is t  o f a  b ack b o n e  of 
re p e a tin g  13 1 -4 -D -g lu co sy l u n its  w ith  D -xylose a -  lin k ed  to  th e  0 6  of 
some of th e  g lucose  re s id u e s . T hese xylose s ide  c h a in s  may in  tu r n  be 
ex ten d ed  by  13 lin k ed  D-Gal o r  a -F u c -2  a-D -Gal 13 lin k ed  to  th e  0 2  of 
th e  xylose. T hey  hav e  b een  fo u n d  in  se v e ra l m onocots, e .g . rice , 
bamboo, o a ts  an d  b a rle y . H owever th e y  a re  p r e s e n t  in  m uch sm aller 
am oun ts (ap p ro x  2%) th a n  in  th e  d ico ts  (app rox  20%). The monocot 
x y lo g lu can s w ould a p p e a r  to  be le ss  f re q u e n t ly  s u b s t i tu te d  th a n  dicot 
x y lo g lu can s an d  th e  p re se n c e  of fu co sy l s ide  ch a in s  h as  no t been  
firm ly  e s ta b lish e d . X ylog lucans w ould a p p e a r  to  be s t r u c tu r a l  po lym ers 
an d  i t  is  th o u g h t th a t  m ost, if n o t all a re  h y d ro g e n  bonded  to  th e  
cellu lose  a s  ev id en ced  by  th e  need  fo r  s tro n g  alkali tre a tm e n t to  
e x tra c t  xy log lucan  from  cellu lose  in  v i tro  an d  i ts  a b ility  to  b ind  ra p id ly  
an d  s tro n g ly  w ith  cellu lose  in  v iv o  (McNeil e t  al.f 1984). This has  
f u r th e r  been  ev id en ced  by  im munogold localisa tion  in  re d  c lo v er w here  
th e  an ti-x y lo g lu can  an tib o d ie s  w ere  fo u n d  exclu sive ly  asso c ia ted  w ith  
th e  cellu lose  f ib r i l  co n ta in in g  re g io n s  (Moore & S taehelin , 1988).
H owever a  ro le  a s  g ro w th  re g u la to r s  h as  also , re c e n tly , been  
p ro p o sed  in  d ico ts  (A lbersheim  e t a l 1983). Small am ounts of 
xy log lucan  have been  found  to  be re le a se d  from  th e  cell wall d u rin g  
aux in  in d u c ed  g row th . Auxin is a lso  know n to  in d u ce  th e  se c re tio n  of 
an  endo  13-1-4-glucanase w hich will c leave p ea  xy loglucan . I t  has also 
been  d em o n stra ted  th a t  a xy log lucan  frag m e n t will in h ib it 2,4-D
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s tim u la ted  wall e lo n g a tio n  in  nanom olar q u a n titie s  (York e t al., 1984). 
S ince th is  in itia l d isc o v e ry  s e v e ra l b io logically  a c tiv e  cell wall 
f ra g m e n ts  h av e  b een  r e p o r te d  (S h a rp  e t  aL , 1984: T ran  T hanh  Van e t  
a l , 1985: Tong e t  a l , 1986: B ishop & R yan, 1987: McDougall & F ry ,
1988).
1.4.3 P ectic  P o ly sacch a rid es .
P e c tin s  a re  a  com plex m ix ture of p o ly sa c c h a r id e s  fo u n d  in  th e  middle 
lam ella of th e  cell wall, w hich  can  be  e x tra c te d  w ith  h o t w a te r o r 
aq u eo u s  so lu tio n s  of c h e la tin g  a g e n ts  e .g . e th y le n e -d ia m in e - te tra ­
a c e ta te  (EDTA) (S e lv en d ra n , 1985). T hese  e x tra c ts  can  th e n  be d iv ided  
in to  n e u tra l  (a ra b in o g a la c ta n s )  an d  ac id ic  (rh am n o g a lac tu ro n an s  and  
hom ogalactu ronan) fra c tio n s .
The rh am n o g a lac tu ro n an s  can  ag a in  be d iv ided  in to  RG I an d  RG II. 
R ham nogalac tu ronan  I (RG I) w as f i r s t  iso la ted , by  e x tra c tio n  w ith  an  
en d o -p o ly g a la c tu ro n a se , from  su sp e n s io n  c u l tu re d  sycam ore cells (McNeil 
e t al., 1980). RG I c o n s is ts  of a  b ackbone  of a l te rn a tin g  2 -lin k ed  L- 
rham nose an d  4 -lin k ed  D -g a lac tu ro n ic  acid  re s id u e s . A pproxim ately half 
of th e  rham nose u n its  a re  b ra n c h e d  a t  0-4  w ith  e i th e r  L -a ra b in o se  o r 
D -galac tose  (McNeil e t  al., 1982). RG I may also  co n ta in  small am ounts of 
L -fu co se  (McNeil e t al., 1980). The of RG I is
th o u g h t to  be a ro u n d  2000 d a lto n s  (McNeil e t  al., 1984) an d  m akes up  
23% of th e  to ta l p ec tin  c o n te n t (7% d ry  m a tte r) of su sp e n sio n  c u ltu re d  
sycam ore cell w alls (McNeil e t al., 1980).
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The g a lac to sy l re s id u e s  in  th e  b ackbone may also  c a r r y  m ethyl 
e s te r s ,  a c e ty l e s te r s  an d  fe ru la te  e s te r s  (F ry , 1982: Rom bouts & 
T h ib au lt, 1986). Enzym ic d e g ra d a tio n  h as  show n th a t  th e  s ide  ch a in s  
te n d  to  be loca ted  in  sp ec ific  re g io n s  of th e  back b o n e  ca u s in g  ’h a i ry ’ 
a n d  ’sm ooth’ re g io n s  (DeVries e t  al., 1982).
R ham nogalac tu ronan  II is  a  complex p o ly sacc h a rid e  com posed of 
app rox im ate ly  30 g ly co sy l re s id u e s , co n ta in in g  a t  le a s t tw elve d if fe re n t 
s u g a r s  e .g  2 -O -m ethy lfucose , 2 -O -m ethylxylose, ap iose , 3 -C -ca rb o x y -5 - 
deo xy -L -xy lose  (ace ric  ac id ), 3 -deoxy-D -M anno-2 -oc tu loson ic  acid  an d  3- 
d eo x y -Iy x o -2 -h ep tu lo sa ric  ac id  (S tev en so n  e t  al., 1988). T h ro u g h  th e  
s tu d y  of f ra g m e n ts  g e n e ra te d  by  mild acid  h y d ro ly s is , approx im ately  
tw e n ty  d if fe re n t  g lycosid ic  lin k a g e s  have  been  fo und , a lth o u g h  th e  
p re c ise  s t r u c tu r e  of th e  p o ly sacc h a rid e  is  s till u n c e r ta in . RG II was 
o rig in a lly  fo u n d  in  cell w alls of su sp e n s io n  c u l tu re d  sycam ore, how ever 
i t  h as  s in ce  been  fo u n d  to  be p r e s e n t  in  all ang io sp erm s te s te d , one 
gym nosperm  (Thomas e t al., 1987) an d  a lso  in  th e  monocots r ic e  (Thomas 
e t a l , 1989) an d  o a ts  (D arvill e t  al., 1978).
H om ogalacturonans a re  la rg e  m olecules c o n s is tin g  so lely  of a 1-4 
lin k ed  g a lac tu ro n ic  acid  re s id u e s , w hich  may c a r ry  m ethyl e s te r  
g ro u p s . The e s te r if ie d  re s id u e s  a p p e a r  to  o c c u r  in  b locks. I t  seem s 
like ly  th a t  th e y  ex is t in  p rim ary  cell w alls, a lth o u g h  th e y  may be 
co v a len tly  lin k ed  to  o th e r  cell wall po lym ers (McNeil e t  al., 1984). I t  is  
th o u g h t th a t  th e se  ch a in s  a re  bound  by  a g g re g a tin g  w ith  d iv a len t 
calcium  in  an  ’egg  box’ m anner (G ran t e t  al., 1973).
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A rab in o g a lac tan s  a re , a s  th e  name im plies, po lym ers of 
a ra b in o fu ra n o se  a n d  g a lac to se . T h ere  would a p p e a r  to  be tw o ty p e s  
fo u n d  in  cell w alls. The m ost common co n s is tin g  of a  lin e a r  13 1-4 lin k ed  
ga lac to se  w ith  occasional s id e  ch a in s  of 1-5 lin k ed  a ra b in o se  re s id u e s  
a t  th e  0-3  of g a lac to se  (ty p e  I) w hile th e  o th e r  ( ty p e  II) c o n s is ts  of a 
mixed 13 1-3, 13 1-4 lin k ed  ch a in  of g a lac to se  an d  5- lin k ed  a ra b in o se  
(C larke e t aL, 1979). A rab in o g a lac tan s  have been  d em o n stra ted  in  a 
nu m b er of m onocot s e c o n d a ry  cell walls.
A rab in an s  a re  h ig h ly  b ra n c h e d  po lym ers of L -a ra b in o fu ra n o se  
r e s id u e s  lin k ed  in  th e  a co n fig u ra tio n . The lin k ag e  p a t te rn s  in  th e  
a ra b in a n  is  h ig h ly  complex an d  d e ta iled  s t r u c tu r e s  a re  d ifficu lt to  
de te rm in e  (D arvill e t  al., 1980). To d a te , a ra b in a n s  have  n e v e r  been  
fo u n d  in  p rim ary  o r  monocot cell walls.
The p re c ise  m anner in  w hich  th e se  po lym ers a re  bound  to g e th e r , in  
s itu , is  a  m uch d eb a ted  to p ic  an d  a  num ber of schem es have been  
p ro p o sed  (DeVries e t  al., 1982; J a rv is ,  1984; S e lv e n d ra n , 1985).
Most s t r u c tu r a l  w ork h as  come from  d ico t p e c tin s  an d  th e re  has 
been  some d o u b t e x p re s se d  as  to  w h e th e r  m onocots co n ta in  p e c tin  a t  
all. C erta in ly  th e  am ounts of u ro n ic  ac id s  p r e s e n t  in  m onocots is  m uch 
low er an d  a re  approx im ate ly  one f if th  of th e  v a lue  fo r d ico ts  (C hesson, 
p e rso n a l com m unication). However p e c tin s  sim ilar to  
rh am n o g a lac tu ro n an s  have been  d isco v ered  in  on ions (Ish ii, 1982) and  
r ice  (S h ib u y a  & Iw asaki, 1978). S im ilarly, m ethy la tion  an a ly s is  of 
p u rif ie d  p rim ary  cell w alls from  Lolium m ultiflorum  an d  Lolium p e re n n e  
d em o n stra ted  th e  p re se n c e  of 2- lin k ed  rham nose an d  a  h ig h  p ro p o rtio n  
of 3-O -m ethyl rham nose w hich w ould s u g g e s t  a  la rg e  p ro p o rtio n  of th e
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rh am n o se  c a r r y  s ide  ch a in s  c o n s is te n t w ith  th e  g e n e ra l model of a  
rh am n o g a la c tu ro n a n  (C hesson  e t  aLf 1985). I t  h as  s in ce  been  fo u n d  th a t  
th is  p e c tin  m akes u p  5-6% of th e  m esophyll cell wall of ry e g ra s s  
(C hesson , p e rso n a l com m unication).
I t  may be a p p ro p r ia te  a t  th is  p o in t to  s t r e s s  th e  d iffe re n c e  betw een  
monocot and gram inaceous c e l l  w alls . In  a s tudy  of p e c tin  c o n te n ts  in  a v a r ie ty
of taxonom ic g ro u p in g s , J a rv is  e t al (1988), d isco v e re d  th a t  m onocots, 
a s  a  w hole, h av e  a  h ig h  to  medium p e c tin  c o n te n t an d  th a t  i t  w as 
m em bers of th e  G lum iflorae  (w hich in c lu d e s  th e  g ram ineae) w hich have 
re la tiv e ly  little .
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1.4.4 Cell Wall P ro te in s .
As in  m ost case s , m ost of w h at is  know n a b o u t ce ll wall p ro te in s  
comes from  w ork  w ith  d ico ts . O rig inal r e s e a rc h  h as  show n th a t  d ico t 
cell w alls co n ta in  a p p re c ia b le  am ounts of p ro te in  (5-10%). The 
com position of th is  p ro te in , how ever, is  som ew hat u n u su a l in  th a t  i t  has 
a  v e ry  h ig h  c o n c e n tra tio n  of h y d ro x y p ro lin e  (app rox  20%). D ifficulties 
in  o rig in a l a tte m p ts  to  e x tra c t  th is  p ro te in  s u g g e s te d  th a t  m uch of i t  is 
a  s t r u c tu r a l  p ro te in  an d  w as called  ex ten s in  a s  i t  w as th o u g h t to  be 
in v o lv ed  in  co n tro llin g  cell wall ex te n s ib ility  (Lam port, 1965).
When fra g m e n ts  of th e se  p ro te in s  a re  e x tra c te d  th e y  in v a ria b ly  
co n ta in  a ra b in o sy l a n d /o r  g a lac to sy l re s id u e s . H ydro lysis  of th e  p ep tid e  
lin k ag es  in  cell walls w ith  0.2M BaOH re le a se s  a  m ixture of 
h y d ro x y p ro lin e  r ic h  a ra b in o s id e s . T hese could  be s e p a ra te d  in to  mono-, 
d i- , t r i -  an d  t e t r a -  a ra b in o s id e s , w ith  th e  t e t r a  p redom inating  in  
d ico ts . As p re v io u s ly  m entioned  th e  cell wall p ro te in s  of monocots have 
n o t been  a s  ex ten siv e ly  s tu d ie d . S u sp en sio n  c u ltu re d  monocot cell walls 
h av e  been  r e p o r te d  to  co n ta in  0.13-0.16% h y d ro x y p ro lin e , com pared to  
d ico ts  w hich  may co n ta in  u p  to  2% (B urke e t  aL , 1974). H ydroxypro line- 
a ra b in o s id e s  have  been  iso la ted  from  fo u r  d if fe re n t monocot spec ies  
(Lam port & Miller, 1971) b u t  on ly  once from  a  m ember of th e  Gramineae 
(K ieliszew ski & Lam port, 1987), a lth o u g h  th e  m ajo rity  of th e  p ro te in  was 
u n g ly c o sy la ted . Of th e  h y d ro x y p ro lin e  a ra b in o s id e s  iso la ted  th e  
tr i- a ra b in o s id e  p red o m in a tes  w ith  small am ounts of th e  d i-a ra b in o s id e . 
I t  w ould th u s  a p p e a r  th a t  th e  cell wall p ro te in s  of d ico ts  an d  m onocots 
d iffe r  co n s id e ra b ly  in  s t r u c tu r e  an d  p o ssib ly  in  fu nction .
1.4.5 Phenolic Acids.
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Phenolic ac id s  hav e  long  b een  know n to  be fo u n d  in  p la n t cell w alls 
a s  e s te r  lin k ed  com ponents of lig n in  (Shim ada e t  a l , 1971), how ever 
th e y  have  also  been  fo u n d  in  a lk a li h y d ro ly sa te s  of cell w alls of th e  
G ram ineae s u g g e s tin g  th e y  a re  lin k ed  to  hem icellu lose b y  a lk a li- lab ile  
b o n d s  (H artley , 1972). The p red o m in an t ac id s  fo u n d  in  th e  G ram ineae, 
a re  fe ru lic  (4 -h y d ro x y , 3-m ethoxy cinnam ic acid ) (F ig u re  1.4.5.1 A) an d  
p -co u m aric  (4 -h y d ro x y  cinnam ic acid ) ac id s  (F ig u re  1.4.5.1 B), m ainly in  
th e i r  tra n s  form , b u t  sm all am ounts of s inap ic  (3 ,5 ,-d im ethoxy-4 - 
hydroxycinnam ic acid ), van illic  (4 -h y d ro x y , 3-m ethoxy benzoic acid) an d  
p - h y b r id  benzoic a c id s  h av e  a lso  been  fo u n d  (G ordon e t  al, 1985).
Figure 1.4.5.1 Structures of A) Ferulic acid and B) p-Coumaric acid.
A COOH B COOH 
I
HCHCII
CH CH
II
«
o
HH
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Since th e i r  d isc o v e ry  in  h y d ro ly sa te s  of a lk a li- t r e a te d  fe e d s tu f fs , 
s e v e ra l g ro u p s  hav e  iso la ted  fra g m e n ts  of p o ly sacc h a rid e  co n ta in in g  
e s te r  lin k ed  fe ru lic  an d  p -coum aric  ac id s. In  th e  m onocoty ledons th e se  
h av e  b een  lin k ed  th ro u g h  th e  0-5  of a ra b in o se  (M ueller-H arvey  e t  al,, 
1986 ; Sm ith & H artley , 1983; Kato & N evins, 1985; Kato e t  al., 1987) an d  
to  th e  0-6  of th e  g a lac to se  an d  th e  0-3  of th e  a rab in o se  in  th e  p ec tic  
f ra c tio n  of d ic o ty led o n s (F ry , 1982).
The p re c ise  ro le  of pheno lic  ac id s  in  th e  cell wall is  u n c e r ta in  
a lth o u g h  a  num ber of th e o rie s  hav e  been  p ro p o sed . I t  has been  
su g g e s te d  th a t  th e y  p lay  a  ro le  in  in h ib itin g  enzym ic d e g ra d a tio n  of 
th e  hem icellulose (H artley , 1972), th a t  th e y  p ro v id e  a  re s e rv o ir  of 
p h en y lp ro p a n o id  u n its  fo r  lig n in  s y n th e s is  (G ordon, 1975), th a t  th e y  a c t 
a s  U.V re c e p to r s  an d  co n tro l pho to tro p ism  (Tow ers an d  A b eysekera ,
1984) an d  th a t  th e y  a re  re sp o n s ib le  fo r  lim iting cell wall ex ten sib ility  
by  c ro s s  lin k in g  (F ry , 1983).
The ro le  in  co n tro llin g  cell wall ex ten s ib ility  a ro se  from  th e  
d isc o v e ry  of d e h y d ro d ife ru lic  ac id , a  C5-C5 lin k ed  dim er of fe ru lic  acid  
(F ig u re  1.4.5.2 A) in  w a te r in so lu b le  p e n to sa n s  from  Triticum  a estivu m  
(M arkw alder an d  Neukom, 1976) an d  a lka li h y d ro ly sa te s  from  Lolium  
m ultiflo rum  (H artley  an d  Jo n es , 1976). F ry  (1979) p ro p o sed  th a t  fe ru lic  
acid  e s te r if ie d  to  hem icellulose ch a in s , in  th e  p re s e n c e  of H2 O2 an d  th e  
enzym e p e ro x id ase , will c ro s s  link  th e  hem icellulose ch a in s  th u s  
re d u c in g  cell wall e x ten sib ility . This p ro p o sa l is  b acked  up  by  th e  
d isc o v e ry  th a t  g ib b e re llin s , commonly re g a rd e d  a s  g ro w th  p ro m o ters , 
in h ib it p e ro x id ase  se c re tio n  (F ry , 1983).
T his th e o ry , of phen o lic  ac id s  p lay in g  a  m ajo r ro le  in  co n tro llin g  
cell w all ex te n s ib ility , h a s  r e c e n tly  been  ex p an d ed  by  th e  d isc o v e ry  of 
4 ,4’-d ih y d ro tru x ill ic  ac id  (H artley  e t  a l ,  1988) (F ig u re  1.4.5.2 B) in  
a lk a li e x tra c ts  of Lolium  m ultiflorum , T rux illic  ac id  is  a  cyclod im er of -  
-co u m aric  ac id  th ro u g h  th e  u n s a tu ra te d  p ro p y l s id e  ch a in s. I t  w as la te r  
d isc o v e re d  th a t  a  v a r ie ty  of th e se  d im ers e x is t (F ord  & H artley , 1988) 
be tw een  p -coum aric  ac id  a n d  fe ru lic  ac id  i.e p-CA-p-CA, p-CA-FA an d  
FA-FA. T hese cyclod im ers may also  ex is t in  a  num ber of isom eric form s 
i.e  h ead  to  head  (T ruxillic  acid ) o r  head  to  ta il  (T ruxin ic acid ) (F ord  & 
H artley , 1989). I t  h a s  b een  su g g e s te d  th a t  th e y  a re  p ro d u c ts  of 
p h o to d im erisa tio n  in  th e  cell wall.
Figure 1.4.5.2 Structures of A) Diferulic acid and B) Truxillic acid.
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The p ro p o sa l of Tow ers a n d  A b ey sek era  (Tow ers & A b eysekera , 1984) 
s ta te s  th a t  th e  U.V m ediated  isom erisa tion  of hem icellulose bound  
pheno lic  ac id s  a lso  e f fe c ts  cell wall e x te n s ib ility  and  could  be 
re sp o n s ib le  fo r  p h o to tro p ic  re sp o n se s . H ow ever th e i r  model system
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d e p e n d s  on  th e  p re se n c e  of a n o th e r  p h o to re c e p to r  w hich  will a b so rb  in  
th e  b lue  reg io n  (400-450 nm) a n d  t r a n s f e r  i t s  ex c ita tio n  e n e rg y  (Tow ers 
an d  A b ey sek era , 1984). To d a te , how ever, no su c h  r e c e p to r  h as  been  
d em o n stra ted .
The lig h t m ediated  s y n th e s is  of tru x illic  ac id  o ffe rs  a n  in tr ig u in g  
a l te rn a t iv e  to  Tow ers & A b e y se k e ra ’s, l ig h t  co n tro lled , model fo r  th e  
ro le  of pheno lic  ac id s  in  co n tro llin g  cell wall ex ten sib ility .
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1.4.6 L ignin .
L ign in  is  a  com plex polym er, form ed b y  th e  d e h y d ro g e n a tiv e  
po lym erisa tio n  of p -h y d ro x y c in n a m y l alcohols, w hich  im p re g n a te s  th e  
cell wall th e re b y  im p artin g  r ig id ity  an d  h e lp in g  r e s i s t  a t ta c k  by  
m icroorgan ism s. A fte r cellu lose i t  is  th e  second  m ost a b u n d a n t n a tu ra l 
o rg an ic  p ro d u c t (Nimz, 1974). I t  is  u n h y d ro ly sa b le  w ith  acid , read ily  
ox id ised , p a r tia lly  so lub le  in  a lka li an d  re a d ily  co n d en ses  w ith  alcoholic 
an d  pheno lic  com pounds (P earl, 1967). T here  a re  th re e  m ajor g ro u p s , 
each  b a se d  on th e i r  monomer u n its . 1) Gym nosperm  (softw ood) lig n in  o r 
g u a iacy l lig n in , a  d eh y d ro g e n a tio n  polym er of co n ife ry l alcohol (F ig u re
1.4.6.1 A), 2) A ngiosperm  (hardw ood) lig n in  o r g u a ia c y l-s y r in g y l lign in , 
a  mixed polym er of co n ife ry l an d  s in ap y l a lcohols (F ig u re  1.4.6.1 B) and  
3) G rass lig n in  o r g u a ia c y l-s y r in g y l-p -h y d ro x y p h e n y l ty p e  lign in , a 
mixed polym er of c o n ife ry l-s in a p y l an d  p -h y d ro x y p h e n y l alcohols 
(F ig u re  1.4.6.1 C) (H iguchi, 1980). In  ad d itio n , g ra s s  lig n in s  a re  th o u g h t 
to  hav e  p -coum aric  ac id  e s te r if ie d  to  th e  te rm in a l h y d ro x y l g ro u p s  of 
th e  lig n in  s id e  ch a in s  (H iguchi, 1981) an d  p -coum aric  an d  fe ru lic  ac id s  
a t ta c h e d  b y  e th e r  lin k ag es  (S c a lb e r t e t  al, 1985). T hese d e fin itio n s  a re  
v e ry  g e n e ra lise d , a s  some g ra s s e s  a re  th o u g h t to  be sim ilar to  
hardw ood lig n in s  (H arkin , 1973). U n fo rtu n a te ly  m uch of th e  s t r u c tu ra l  
s tu d ie s  c a r r ie d  o u t on lig n in  h as  been  p erfo rm ed  on softw ood lign in  
due to  i t s  im portance in  th e  pu lp  an d  p a p e r  in d u s tr ie s .
Figure 1.4.6.1 Structures of lignin monomers.
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As m entioned  e a r l ie r ,  due to  th e  com plex n a tu re  of lig n in , i ts  
s t r u c tu r a l  e lu c id a tio n  h as  p ro v e d  to  be a  long  a n d  d ifficu lt p ro c e ss . 
The arom atic  n a tu re  of lig n in  w as e s ta b lish e d  e a r ly  on. The a ry lp ro p a n e  
sk e le to n  w as f i r s t  conce ived  by  F re u d e n b e rg  in  th e  1930’s (A dler, 
1977), p r in c ip a lly  b a sed  on th e  elem ental com position of sp ru c e  lig n in  
p re p a ra tio n s .
D eg radation  s tu d ie s  u s in g  a  w ide v a r ie ty  of ox ida tive te c h n iq u e s  e.g  
p e rm a n g an a te  ox ida tion , n itro b e n z e n e  ox idation , e th an o ly s is  an d  
ac id o ly s is  s tro n g ly  su g g e s te d  c e r ta in  bond ty p e s . The s t r u c tu r e s  
p ro p o se d  w ere f u r th e r  b acked  up  by  th e  s tu d y  of d eh y d ro g en a tio n  
po lym ers (DHP’s) u s in g  f e r r ic  ch lo rid e  o r  ox ida tive  enzym es to  
p o lym erise  simple pheno lic  monomers.
With th e  aid  of th e se  chem ical d a ta  an d  th e  u se  of p h y s ic a l 
te c h n iq u e s  su ch  a s  IR an d  NMR a n u m b er of d if fe re n t lig n in  m odels 
h av e  been  p ro p o sed  (Nimz, 1974: A dler, 1977: F re u d e n b e rg  & Neish,
- 3 5 . -
1968) (F ig u re  1.4.6.2). T hese  schem es, h o w ev er, g e n e ra lly  a g re e  a s  to  
th e  nu m b er an d  ty p e s  o f lin k a g e s  in v o lv ed  a n d  d if fe r  on ly  th e  
o c c u rre n c e  an d  f r e q u e n t  of monomer u n its  a n d  lin k ag es .
Figure 1.4.6.2 Structure of lignin.
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The m ost common lin k ag e  is  a  a ry l  g lycero l-13-ary l e th e r  s t r u c tu r e  
(F ig u re  1.4.6.3 A) w hich a cc o u n ts  fo r  48% of th e  lin k ag es  in  s p ru c e  
lig n in  (A dler, 1977) an d  is  g en e ra lly  r e g a rd e d  a s  a  s ig n  of t r u e  lign in . 
O ther lin k ag es  in c lu d e  noncyclic  b en zy l a ry l  e th e r  (F ig u re  1.4.6.3 B), 
p heny lco u m arin  s t r u c tu r e s  (F ig u re  1.4.6.3 C) a n d  b ip h e n y l s t r u c tu r e s  
(F ig u re  1.4.6.3 D), in  all th e re  a re  th o u g h t to  be o v e r tw en ty  d if fe re n t 
ty p e s  of linkage invo lved  in  th e  lig n in  s t r u c tu r e .
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Figure 1.4.6.3 Structure of some common lignin bonds.
0*1
C
c —  O -
3 -1  • 5 - 5 '
Biphenyl
As s ta te d  e a r l ie r ,  th e  sy n th e s is  of lig n in  is  m ediated by  th e  
d e h y d ro g e n a tiv e  po lym erisa tion  of p -h y d ro x y  cinnam yl alcohols. T his is 
th o u g h t to  be ach iev ed  b y  th e  ac tio n  of th e  enzym e perox idase . I t  h as  
b een  p ro p o se d  th a t  th e  alcohols a re  d e h y d ro g e n a te d  by  cell wall bound  
p e ro x id ase  v ia  a su p e ro x id e  ra d ic a l w hich is  s u g g e s te d  to  be form ed 
by  th e  re d u c tio n  of 02 by  NAD (E ls tn e r  & H eupel, 1976). The co n ife ry l 
alcohol ra d ic a ls  so p ro d u c e d  th e n  sp o n tan eo u s ly  couple to  form  dim ers, 
tr im e rs  an d  h ig h e r  oligom ers. F u r th e r  d eh y d ro g e n a tio n  of th e se  d im ers 
e tc  r e s u l t s  in  th e  fo rm ation  of lign in  (H iguchi, 1980). These p ro p o sa ls  
have  been  su p p o r te d  up  by  th e  d isco v e ry  th a t  th e  enzym e lig n in  
p e ro x id ase  p ro d u ced  b y  th e  w hite ro t  fu n g u s  P hanerochaete
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ch ryo sp o riu m  (T ien & K irk , 1983; G lenn e t  a l , 1983) will d e g ra d e  lig n in  
b y  ra d ic a l fo rm ation  v ia  H2 O2 (Schoem aker e t  a l ,  1985 A & B) th e se  
ra d ic a ls  will th e n  a lso  po lym erise  v ia  ra d ic a l fo rm ation  (Haemmerli e t  a l ,  
1986).
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1.5 LIGNIN-CARBOHYDRATE LINKAGES.
L ig n in -c a rb o h y d ra te  lin k a g e s  h av e  been  a  m uch d e b a te d  top ic  e v e r  
s in ce  th e  d isc o v e ry  of lig n in  a s  a  cell wall com ponent (P earl, 1967). 
O rig inal d o u b ts  w ere o v e r th e  ex isten ce  of su c h  a  lin k ag e , how ever, 
a lth o u g h  th e re  is  s till no d ire c t ev id en ce  fo r  su c h  a  lin k ag e , th e  w ealth  
of c irc u m sta n tia l ev id en ce  m akes i t  a  d iff icu lt p ro p o sa l to  r e je c t  
(Cone h ie  e t  a l , 1988), an d  m odern d e b a te s  a re  o v e r th e ir  n a tu re ,
d is tr ib u tio n  an d  s ig n ifican ce .
The ex is ten ce  of lig n in -c a rb o h y d ra te  lin k ag es  w as f i r s t  p o s tu la te d  
by  th e  e a r ly  wood chem ists. A gain, th e re fo re  m uch of o u r  know ledge of 
th is  s u b je c t  d e r iv e s  from  wood. A lthough a  lin k ag e  w as su sp e c te d , its  
p re c ise  n a tu re  w as unknow n a n d  a  v a r ie ty  of ty p e s  e .g  e s te r ,  e th e r , 
g lycosid ic , ace ta l, hem iacetal, k e ta l an d  h y d ro g e n  bo n d s have  a t  some 
time been  p ro p o sed  (Brow nell, 1971).
One of th e  o rig in a l m ethods of s tu d y in g  lig n in -c a rb o h y d ra te  lin k ag es  
w as th ro u g h  th e  s tu d y  of milled wood lig n in s  (MWL), u su a lly  iso la ted  
b y  th e  B jorkm an p ro c e d u re  (B jorkm an, 1956). E arly  w ork by  Brownell 
(1971) on MWL of b lack  sp ru c e  (Picea mariana) su g g e s te d  th a t  th e  
l ig n in -c a rb o h y d ra te  bond  w as in c o n s is te n t w ith  an  ace ta l, hem iacetal, 
k e ta l, e s te r  o r  g lycosid ic  bond b u t may be an  e th e r . S u b se q u e n t 
r e s e a rc h  on chem ical e x tra c ts  from  eu c a ly p t wood (S tew art, 1973) 
in d ica te d  th a t  u ro n ic  ac id s  a re  e i th e r  e th e r  linked  to  lig n in  and  e s te r  
lin k ed  to  th e  xylose in  th e  g lucu ronoxy lan  o r e s te r  linked  to  th e  lign in  
an d  g lycosid ica lly  lin k ed  to  th e  c a rb o h y d ra te , th e  p o ss ib ility  of
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g lycosid ic  lin k ag es  to  th e  lig n in  is  n o t ru le d  ou t. He a lso  s u g g e s ts  th a t  
in  e u c a ly p t, an d  p o ss ib ly  o th e r  hardw oods, v ir tu a lly  all lig n in  is  linked  
th ro u g h  th e  u ro n ic  ac id  re s id u e s .
E rik sso n  & L in d g ren  (1977), w ork ing  on B jorkm an MWL of Norway 
s p ru c e  (Picea abies) p o s tu la te d  th a t  th e  lig n in  w as a t ta c h e d  to  th e  
ga lactog lucom annan  th ro u g h  ga lac to se  re s id u e s  on to  th e  m annose 
b ack b o n e  an d  to  th e  xy lan  th ro u g h  a ra b in o se  side  ch a in s. F u r th e r  
re s e a rc h  b y  th e  same g ro u p  (E rik sso n  e t  al., 1980) on MWL of b lack  
s p ru c e  in d ic a te d  th a t  th e  lig n in  is  e th e r  lin k ed  to  th e  a rab in o se  e i th e r  
th ro u g h  th e  0-2  o r  0-3  p o s itio n s, lin k ag es  th ro u g h  th e  0-4  could no t 
be excluded . L inkages d ire c tly  to  th e  xylose w ere also  p ro p o sed . They 
f u r th e r  go on to  s u g g e s t  th a t  lig n in  is  lin k ed  to  th e  0-3  position  of 
th e  g a lac to se  in  th e  galactog lucom annan , an d  p o ssib ly , a t  o th e r  
p o s itio n s , an d  th a t  lig n in  is  e s te r  lin k ed  to  4 -0 -m e th y lg lu c u ro n ic  acid. 
A lthough  th e y  had  no d ire c t  ev id en ce  th e y  s u g g e s te d  a  linkage 
betw een  cellu lose an d  lig n in , a s  cellu losic m ateria l could  no t be rem oved 
th ro u g h  se v e ra l p u r if ic a tio n  s te p s . To sum m arise, th e y  s u g g e s te d  th a t  
lig n in  is  a tta c h e d  to  all ty p e s  of s u g a r  u n its  in  th e  hem icellulose and  
p o ssib ly  cellu lose, th u s  su p p o r tin g  F re u d e n b e rg ’s view th a t  
" lig n in -c a rb o h y d ra te  lin k ag es  a re  form ed by  th e  non-enzym ic ad d itio n  
of h y d ro x y l an d  ca rb o x y l g ro u p s  in  th e  c a rb o h y d ra te s  to  qu inone 
m eth ide in te rm ed ia te s  in  lig n in  b io sy n th e s is"  (F re u d e n b e rg  & Neish, 
1968).
The w ork  d isc u sse d  so f a r  h as  c o n c e n tra te d  p u re ly  on wood. S tu d ie s  
of th e  lin k ag es  in  th e  m onocots, in  g en e ra l, an d  th e  Gram ineae in
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p a r t ic u la r  a re  le ss  ex ten siv e . O ver th e  p a s t  few  y e a rs , how ever, more 
an d  m ore w ork  is  be ing  p u b lish e d , in  th is  field .
M orrison  (1973) w as one of th e  f i r s t  r e s e a rc h e r s  to  a d d re s s  th e  
q u e s tio n  in  g ram inaceous cell w alls w hen he  iso la ted  a  lig n in -  
c a rb o h y d ra te  complex (LCC) from  Lolium m ultiflorum  an d  Lolium  
p e re n n e  (M orrison, 1974 B) w ith  d im ethyl su lphox ide  (DMSO). In  all, 
M orrison  (1974, C), p ro p o sed  th e  p re se n c e  of a t  le a s t th re e  ty p e s  of 
lin k ag e  be tw een  th e  lig n in  an d  c a rb o h y d ra te , one c leaved  on 
b o ro h y d rid e  re d u c tio n , a n o th e r  c leaved  by  alkali an d  one r e s is ta n t  to  
alkali. He goes on to  s u g g e s t  th a t  phenolic  ac id s  a c t as  c ro s s  link ing  
a g e n ts  be tw een  lig n in  an d  c a rb o h y d ra te . The c a rb o h y d ra te  com ponent 
c o n s is te d  of 13 1-4 lin k ed  xylose an d  a  s ig n if ic a n t am ount of 13 1-4 D- 
g lucose  w hich  may have  o rig in a te d  from  a  cellu lose like polym er 
(p ro b ab ly  xy log lucan). He f u r th e r  p o s tu la te s  th a t  th e  LCC is a  u n it of 
th e  cell wall s t r u c tu re .
An in te re s t in g  a p p ro a c h  w as u sed  by  G aillard & R ichards (1975) 
w hen th e y  re c o v e re d  so lu b ilised  LCC’s from  bovine rum en liquo r. T heir 
r e s u l t s  a g re e d  w ith  th e  p re se n c e  of e s te r  lin k ag es  betw een  th e  lign in  
an d  th e  c a rb o h y d ra te , a lth o u g h  on ly  some of th e  lin k ag es  w ere b ro k en  
b y  alkali. This o rig in a l id ea  was followed u p  by  Neilson & R ichards 
(1978) who p o s tu la te d  a  s t r u c tu r e  fo r  th e  complex an d  th e  ex isten ce  of 
g lycosid ic  b o n d s  betw een  D -glucose, D -xylose an d  L -rham nose to  th e  
lign in . This a p p ro ac h  has  s ince  been  u sed  to  s tu d y  th e  so lub ilised  
LCC’S from  ry e g ra s s  in  th e  ovine rum en (Conchie e t al., 1988). The 
com plexes iso la ted  te n d e d  to  have e i th e r  a  h ig h  (>100 Kd) o r low (<4 
Kd) m olecular w eigh t, th e  h ig h  Mwt co n ta in in g  th e  h ig h e r  c a rb o h y d ra te
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c o n c e n tra tio n . R educing  s u g a r s  (p rin c ip a lly  a ra b in o se  an d  xylose) w ere 
fo u n d  in  th e  low Mwt f ra c tio n  th u s  su g g e s tin g  e th e r  lin k a g e s  to  th e  
p heno lics . The p re se n c e  of rham nose in  th e  LCC’S s u g g e s t  i t  could  p lay  
an  im p o rta n t ro le  in  c ro s s  lin k in g . All LCC’S co n ta in ed  p ro te in  w hich 
cou ld  n o t be rem oved by  an y  of th e  p u rif ic a tio n  s te p s . Amino acid  
a n a ly s is  in d ic a te d  v e ry  little  h y d ro x y p ro lin e  w hich h as  been  im plicated  
in  l ig n in -p ro te in  b in d in g  (Dill e t  al., 1984).
P ro te in  was a lso  fo u n d  in  th e  LCC’S p re p a re d  by  enzym ic
d e g ra d a tio n  of pan g o la  g ra s s  (F ord , 1986) w hich was low in
h y d ro x y p ro lin e  co n ten t. The s t r u c tu r a l  re la tio n sh ip  betw een  th e  
com ponents of th e se  LCC’S w as v e ry  complex an d  invo lved  monomeric 
a n d  oligom eric p e n to se  u n its .
13C NMR s tu d ie s  of w h ea t s tra w  lig n in  p re p a ra tio n s  (S c a lb e rt e t  al., 
1986) su g g e s te d  th e  p a r tic ip a tio n  of fe ru lic  ac id  in  th e  a lka li labile 
c ro s s  lin k s  betw een  lig n in  an d  c a rb o h y d ra te  an d  f u r th e r  su g g e s te d  
th a t  all lig n in  is  a tta c h e d  to  th e  hem icellulose. F u r th e r  w ork by  th e
same g ro u p  (S c a lb e rt & M onties, 1986) in d ic a te s  th a t  g ram inaceous cell
w alls may hav e  a  h ig h e r  c o n c e n tra tio n  of alkali lab ile  bo n d s betw een  
th e  lig n in  an d  c a rb o h y d ra te , o r  w ith in  th e  lig n in  ne tw ork  th a n  e i th e r  
softw ood o r  hardw ood.
In  o rd e r  to  s tu d y  th e  n a tu re  an d  d is tr ib u tio n  of a lka li labile i.e 
e s te r  bonds in  cell w alls of ry e g ra s s ,  c e re a l s tra w s  an d  c lo v er, C hesson 
e t al., (1983) an d  Lomax e t  al., (1983), ad a p te d  th e  
ace ta la tio n -m e th y la tio n  te c h n iq u e  of D eBelder & Norman (1968), fo r th e
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loca lisa tio n  of a lka li lab ile  b o n d s , fo r  u se  on  w hole cell w alls. In  
g e n e ra l th e y  fo u n d  a  co n s id e ra b le  d e g re e  of s u b s t i tu t io n  to  xylose 
( th ro u g h  0 -2 , 0-3  o r bo th ) an d  a ra b in o se  ( th ro u g h  0-5  o r  0-5  an d  O- 
2). A nalysis of a c e ty l an d  pheno lic  ac id  e s te r  c o n te n t cou ld  on ly  explain  
app rox im ate ly  two th i r d s  of th e  a lka li lab ile  b o n d s  (in  c lo v e r o v e r half 
rem ained  unex p la in ed ) an d  i t  w as p o s tu la te d  th a t  m ost, if  n o t all, of th e  
u n a c c o u n te d  fo r  b o n d s  w ere  to  th e  lig n in  com ponent.
1.6 CELL WALL DIGESTION.
-43.
When a  p la n t feed  s tu f f  e .g  ce re a l s tra w  e n te r s  th e  rum en  i t  is 
a t ta c k e d  b y  a  v a r ie ty  of p ro tozoa , an ae ro b ic  fu n g i a n d  b a c te ria . T hese 
m icroorgan ism s a t ta c k  th e  cell w alls by  re le a s in g  a  w ide b a t te ry  of 
h y d ro ly tic  enzym es a t  th e  su rfa c e  of th e  cell wall (C hesson  & 
F o rsb e rg , 1988).
M icroscopic exam ination of p la n t m ateria l u n d e rg o in g  d ig estio n  in  th e  
rum en  c le a rly  d em o n stra te s  th a t  some cell w alls a re  much more 
su sc e p tib le  th a n  o th e rs  (G ordon e t  al., 1985). M esophyll an d  phloem a re  
m ost su sc e p tib le  followed by  ep iderm is w ith  v a sc u la r  t is s u e  being  m ost 
r e s is ta n t .  The obv ious d iffe re n c e  w ould a p p e a r  to  be th a t  p rim ary  cell 
w alls a re  more eas ily  d e g ra d e d  th a n  se c o n d a ry  cell walls.
O rig inal th o u g h ts  rev o lv e d  a ro u n d  th e  id e a  th a t  some cell wall 
com ponent, p o ssib ly  lig n in , in h ib ite d  enzym ic an d  o r  m icrobial 
d e g ra d a tio n , th e re fo re  more heav ily  lign ified  m ateria ls  a re  more 
r e s is ta n t  th a n  n o n -lig n ified  m ateria ls . While th is  o b se rv a tio n  is 
g e n e ra lly  t r u e  chem ical a n a ly s is  does n o t ag ree . In  th e  case  of ce re a l 
s tra w s  approx im ate ly  ha lf of th e  s tra w  is  so lub ilised  in  th e  rum en. The 
re s id u e  is  h ig h ly  r e s is ta n t  to  f u r th e r  d eg ra d a tio n , If one com ponent of 
th e  cell wall is  in h ib ito ry  to  d e g ra d a tio n  one w ould th e re fo re  exp ec t an  
in c re a se  in  c o n c e n tra tio n  a f te r  rum en  in cu b a tio n . On an a ly s is  i t  is 
fo u n d  th a t  c a rb o h y d ra te  c o n te n t rem ains e sse n tia lly  th e  same, th e  only 
d iffe re n ce  being  th a t  to ta l pheno lics  te n d  to  s lig h tly  accum ulate , 
a lth o u g h  lig n in  is  s till so lub ilised  a t  much th e  same ra te  as  o th e r  cell 
wall com ponents. As m entioned p rev io u s ly , th e  e ffe c ts  of a lkali on
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d ig e s tib il ity  an d  lig n in  c o n te n t s tro n g ly  s u g g e s t  th a t  lig n in  p la y s  a 
m ajor ro le  in  lim iting d ig e s tib ility .
The p ro p o se d  model of cell wall d ig e s tib il ity  is  d em o n stra ted  in 
F ig u re  1.6.1. The cell wall is  b u ilt u p  of c a rb o h y d ra te  an d
c a rb o h y d ra te - lig n in  b locks. The c a rb o h y d ra te - lig n in  b locks a re
r e s is ta n t  to  d e g ra d a tio n  so a s  d e g ra d a tio n  p ro cee d s  an d  th e
c a rb o h y d ra te  b locks a re  b ro k e n  down, a  ’w all’ of lig n in -c a rb o h y d ra te  
b locks co v e r th e  su rfa c e , th u s  p re v e n tin g  f u r th e r  d eg rad a tio n . This
w ould a c c o u n t fo r  th e  o b se rv e d  lack  of ch an g e  in  c a rb o h y d ra te  c o n te n t 
an d  th e  sm all in c re a se  in  lig n in  co n ten t. C hesson e t  al., (1983) 
d em o n stra ted  th e  accum ula tion  of alkali lab ile  bo n d s to  th e  0-5 o f th e  
a ra b in o se , a lso  f i t t in g  in  w ith  th is  model.
A s tu d y  of th e  s u r fa c e s  of rum en  in c u b a te d  s traw  (R ussell e t  al., 
1988) by  m ultip le re f le c ta n c e  in f ra re d  sp e c tro sc o p y , c lea rly  
d em o n stra ted  th a t  th e  in n e r  la y e rs  of th e  s tra w  w ere d e g ra d e d  an d  th e  
o u te r  la y e r  w ere v ir tu a lly  u n to u c h ed . The in n e r  su rfa c e  a lso  show ed 
th e  bu ild  u p  of lig n in , an d  a c e ty l e s te r s .
I t  w as a lso  su g g e s te d  th a t  a lka li tre a tm e n t on ly  a ffe c ts  th e  o u te r  
la y e rs  an d  d isso lv es  silica, a c e ty l e s te r s  an d  lign in . I t  would also  
a p p e a r  to  op en  u p  c ra c k s  a n d  p o re s  in  th e  su rfa c e  th u s  o pen ing  i t  up  
fo r  enzym ic a tta c k .
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2.0 EXPERIMENTAL.
2.1 SAMPLE PREPARATION.
2.1.1 S ta r t in g  m ateria ls .
P e ren n ia l ry e g ra s s  (Lolium p e re n n e  c .v  Perm a) w as h a rv e s te d  in  
J u n e  1986, from  a n  e s ta b lish e d  fie ld  an d  s to re d  a t  -40  °C u n til u sed . 
The fro z e n  g ra s s  w as re p e a te d ly  b len d ed  in  a  W aring b le n d e r w ith  iced  
d is tille d  w a te r  an d  siev ed  on a  300 pm ny lon  m esh u n til all g re e n  
m ateria l h ad  been  w ashed  ou t. The ’non -m eso p h y ll’ ry e g ra s s  was th e n  
f re e z e  d r ie d  an d  s to re d  a t  room te m p e ra tu re .
B arley  s tra w  (Hordeum  v u lg a re  c .v  Golden Prom ise) w as h a rv e s te d  in  
A u g u st 1984 a t  th e  Row ett R esearch  In s t i tu te .  The s traw  was d r ie d  an d  
milled to  p a s s  a  1mm siev e  th e n  s to re d  a t  room te m p e ra tu re .
2.1.2 Mild acid  h y d ro ly s is .
Five gram  sam ples w ere re flu x ed  w ith  500 ml of 30 mM oxalic acid 
fo r  th re e  h o u rs . The in so lu b le  re s id u e  was th e n  f il te re d  off, on a g rad e  
1 g la ss  s in te re d  f il te r ,  an d  th o ro u g h ly  w ashed  w ith  d is tilled  w ater. The 
oxalic ac id  was th e n  n e u tra lis e d  w ith  an  equim olar am ount of calcium
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a c e ta te . The calcium  oxalate p re c ip ita te  w as th e n  f il te re d  o ff on a g rad e  
4 s in te re d  g la ss  f il te r .  The ace tic  acid  w as th e n  e v a p o ra te d  from  th e  
h y d ro ly sa te  u n d e r  vacuum  a t  40°C, an d  th e  h y d ro ly sa te  an d  re s id u e  
w ere  fre e z e  d ried . The fre e z e  d r ie d  h y d ro ly sa te  was th e n  e x tra c te d  
w ith  5 x 10 ml of m ethanol. The m ethanol so lub le  an d  m ethanol in so lub le  
f ra c t io n s  w ere  re ta in e d  an d  fre e z e  d ried .
2.1.3 P u rific a tio n  of FA-ARA.
100 mg Sam ples of r y e g ra s s  m ethanol so lub le  f ra c tio n  was d isso lved  
in  w a te r  an d  p a s se d  th ro u g h  a  C18 Bond E lu t c a r tr id g e  (Analytichem  
In te rn a tio n a l) . The re ta in e d  m ateria l was th e n  e lu ted  w ith  1 ml of 
m ethanol, f i l te re d  an d  FA-ARA was se p a ra te d  by  r e v e rs e  p h ase  HPLC. 
S o lv en t A was w a te r an d  so lv en t B w as 50% m ethanol in  a ce to n itrile  
(v/ v ). The flow ra te  was 1 m l/m in an d  th e  g ra d ie n t r a n  from , 0% B to  
7% B in  5 mins th e n  up  to  22% B in  a n o th e r  120 mins th e n  up  to  100% 
B in  a  f u r th e r  10 mins. The a p p ro p r ia te  f ra c tio n s  w ere co llected  and  
fre e z e  d ried . The co llec ted  m ateria l was th e n  p a sse d  th ro u g h  a  lm  x 1.7 
cm colum n of S ephadex  G-10 (Pharm acia), th e  m ajor U.V a b so rb in g  peak  
be ing  co llec ted  an d  fre e z e  d ried . P u r ity  w as e s ta b lish e d  by  TLC 
(so lv en t 1).
2.1.4 Dimethyl su lphoxide  ex trac tio n .
A fo u r gram  sam ple of oxalate h y d ro ly se d  m ateria l was f re e z e r  milled 
u n d e r  liq u id  n itro g e n  fo r  th re e  m inutes in  a  SPEX 6700 f re e z e r  mill
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(Spex In d u s tr ie s ) .  The sam ples w ere th e n  e x tra c te d  w ith  250 ml of 
d im ethy l su lphox ide  (DMSO) in  an  u ltra so n ic  b a th  fo r  th r e e  h o u rs , 
e n s u r in g  th e  te m p e ra tu re  d id  no t exceed 40 °C. The DMSO soluble 
m ateria l w as th e n  d ia ly sed  a g a in s t d is tille d  w a te r , in  th e  d a rk , fo r  fo u r  
d ay s  a t  room te m p e ra tu re  w ith  c o n s ta n t ag ita tio n  an d  fre e z e  d ried . The 
DMSO so lub le  f ra c tio n s  w ere  th e n  p u rif ie d  on a  lm  x 1.7cm column of 
S ephadex  G-100 (Pharm acia).
2.1.5 D rise lase  h y d ro ly s is .
D rise lase  (a com m ercial ce llu la se  p re p a ra t io n , Sigma) was p a r tia lly  
p u r if ie d  a cc o rd in g  to  th e  m ethod of F ry , (1982). The fin a l enzym e 
p re p a ra t io n  was d isso lv ed  in  50 ml of 100 mM sodium  a c e ta te  b u ffe r , pH 
5.0, d isp e n se d  in to  1 ml a liq u o ts  an d  s to re d  a t  -20  °C.
Sam ples of oxalate h y d ro ly se d , DMSO e x tra c te d  cell w alls (100 mgs) 
w ere  ad d e d  to  10 ml a c e ta te  b u ffe r  p lu s  1 ml of enzym e an d  in c u b a ted  
a t  45 °C fo r  n in e ty  six h o u rs  u n d e r  to luene. The h y d ro ly se d  m ateria l 
w as th e n  f i l te re d  o ff an d  w ashed  w ith  d is tilled  w ate r, th e  so lub le  and  
in so lu b le  f ra c tio n s  w ere co llec ted  an d  fre e z e  d ried .
At all s ta g e s  of sam ple p re p a ra tio n  an d  h an d lin g , g re a t  ca re  was 
ta k e n  to  exclude lig h t in  o rd e r  to  minimise c is - tr a n s  isom erisa tion  of 
pheno lics  (H artley  & Jo n es , 1975) an d  p o ssib le  d im erisa tion  (Cohen e t  
al., 1963).
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2.2 GENERAL ANALYSIS.
2.2.1 Total c a rb o h y d ra te s .
Total c a rb o h y d ra te  w as d e te rm in ed  b y  th e  phen o l s u lp h u r ic  m ethod 
of D ubois e t  a l , (1956) u s in g  g lucose  a s  a  s ta n d a rd .
2.2.2 T otal pheno lics.
Total p h eno lics  w ere de te rm in ed  b y  th e  a c e ty l brom ide m ethod of 
M orrison, (1972) u s in g  fe ru lic  ac id  as  a  s ta n d a rd .
2.2.3 U ronic acids.
U ronic ac id s  w ere de te rm in ed  by  th e  m ethod of B lum enkran tz  & 
A sboe-H anson, (1973) u s in g  g lu cu ro n ic  acid  a s  a  s ta n d a rd .
2.2.4 M onosaccharides.
M onosaccharides w ere de te rm in ed  as  th e ir  a ld ito l a c e ta te s  acco rd in g  
to  th e  m ethod of B lakeney e t al., (1983). A pproxim ately 10 mg sam ples 
w ere  a c c u ra te ly  w eighed  in to  so v ira l tu b e s  an d  0.25 ml of 72% (v/v ) 
H2 SO4 w as a d d ed , along w ith  a s h o r t  g la ss  ro d  w ith  ro u n d e d  ends. 
T hese w ere v o rtex e d  in te rm itte n tly  fo r  one h o u r, w hen 2.75 ml of w ate r 
was ad d ed , th e  tu b e s  w ere f lu sh e d  w ith  n itro g e n , sealed  an d  h ea ted  a t 
100 °C fo r  th re e  h o u rs . The cooled tu b e s  w ere th e n  n e u tra lis e d  w ith 
0.64 ml of c o n c e n tra te d  NH4 OH so lu tion  an d  0.1 ml of a 20 mg/ml 
aq u eo u s  so lu tion  of inosito l ( in te rn a l s ta n d a rd )  was added . A sam ple of 
h y d ro ly sa te  (200 pi) was th e n  t r a n s f e r r e d  to  a  g la ss  B14 tu b e  and  1 ml 
of a  2% so lu tion  (w/v ) of sodium  b o ro h y d rid e  in  DMSO was ad d ed  and 
h ea ted  a t  40 °C fo r n in e ty  m inutes. T hese w ere th e n  cooled, 0.1 ml of 
glacial ace tic  acid a d d ed  and  mixed well. Acetic a n h y d rid e  (2 ml) an d  1- 
m ethyl im adazole (200 pi) w ere th e n  ad d ed  and  le ft to  s ta n d  a t  room
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te m p e ra tu re  fo r 15 mins. The excess ace tic  a n h y d r id e  was th e n  
n e u tra lis e d  w ith  5 ml of w a te r, th e  tu b e s  mixed an d  cooled in  ice. 
D ichlorom ethane (2 ml) w as th e n  ad d ed , mixed an d  th e  aq u eo u s  la y e r 
rem oved. T his w as re p e a te d  th r e e  tim es an d  th e  d ich lorom ethane was 
d r ie d  w ith  a n h y d ro u s  Na2S04. The d ry  d ich lorom ethane was th e n  
t r a n s f e r r e d  to  a  2 ml v ia l, d r ie d  an d  re d is so lv e d  in  1 ml of 
die h lorom ethane.
The a ld ito l a c e ta te s  w ere th e n  a n a ly se d  on a  C arlo -E rba  HRGC 5300 
MEGA GC w ith  a  3 m x 3 mm colum n of 3% SP 2340 on SUPELCOPORT 
100/200, iso the rm ally  a t  225°C. The in je c to r  being  s e t a t  230 "C and  th e  
d e te c to r  a t  240 °C, w ith  n itro g e n  a s  th e  c a r r ie r  g as  a t  160 KPa.
2.2.5 Phenolic acids.
Phenolic ac id s  w ere  d e te rm in ed  b y  r e v e r s e  p h a se  HPLC. The so lv en ts  
w ere:
S o lv en t A; 1% ace tic  ac id  (v/v )  in  0.01M te t r a  m ethyl ammonium
hy d ro x id e  (Sigma) in  w ater.
S o lv en t B; 1% ace tic  acid  (v/v )  in  0.01M te t r a  m ethyl ammonium
h y d ro x id e  in  m ethanol.
The flow ra te  was 1.5 m l/m in an d  a  g ra d ie n t w as r u n  from  17% B to
26% B in  10 mins th e n  up  to  80% B in  a f u r th e r  10 mins.
Sam ples w ere p re p a re d  by  a c c u ra te ly  w eighing  o u t approx im ate ly  20- 
30 mgs of d r ie d  sam ple in to  so v ira l tu b e s  an d  ad d in g  1 ml of 1M NaOH, 
p u rg e d  w ith  n itro g e n  an d  le ft a t  room te m p e ra tu re  o v e rn ig h t in  th e
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d a rk . A nisic acid  (0.1 ml of a  1 m g/m l so lu tion  in  m ethanol, in te rn a l 
s ta n d a rd )  was th e n  ad d e d  an d  th e  sam ples ac id ified  to  < pH 1 w ith  6M 
HC1 an d  f i l te re d  on a  s in te re d  g la ss  f i l te r  (g rad e  1). The h y d ro ly sa te s  
w ere  th e n  e x tra c te d  3 x 5 ml of e th y l a c e ta te  an d  th e  e x tra c ts  w ere 
d r ie d  down u n d e r  vacuum  in  a  50 ml ro u n d  bottom ed (RB) fla sk . A 
sm all am ount of e th y l a c e ta te  w as th e n  u se d  to  t r a n s f e r  th e  e x tra c ts  
back  to  th e  so v ira l tu b e  an d  d rie d  down again . The sam ples w ere th e n  
re d is so lv e d  in  1 ml of so lv en t B, an d  f il te re d  on a  2 pm m em brane f il te r  
p r io r  to  in jec tio n .
S ta n d a rd  fe ru lic  an d  p -coum aric  ac id s  w ere p u rc h a se d  from F luka 
a n d  an isic  ac id  from  Sigma. D iferulic acid  w as sy n th e s is e d  acco rd in g  to  
th e  m ethods of R ich tenzain , (1949) an d  B aum g artn er & Neukom, (1972). 
The s t r u c tu r e  of th e  fin a l p ro d u c t was confirm ed by  m ass sp ec tro m e try  
(m ajor ions (M /Z  (M olecular ion; re la tiv e  in te n s ity ))  298 (M+ -88; 100) 
324 (M+ -62; 65) 342 (M+ -44; 57)). P u r ity  was e s ta b lish e d  by  GC-MS of 
TMS d e riv a tiv e s . One m ajor p eak , re te n tio n  time (RT) 44.65 mins was 
found . I ts  m ajor ions w ere 73 (M+ -574; 100), 558 (M+ -89; 52), 381 (M+ 
-266; 37), 559 (M+ -88; 21), 207 (M+ -440; 19), 281 (M+ -366; 14), 75 (M+ 
-576; 12), 560 (M+ -87; 11), 382 (M+ -265; 11) an d  366 (M+ -281; 10). 
T his s t r u c tu r e  is  su g g e s tiv e  of th e  c is -c is  form  of d ife ru lic  acid  
(H artley  & Jo n es , 1976).
Truxillic acid  was s y n th e s is e d  by  th e  m ethod of Cohen e t  al., (1963). 
The p u r i ty  an d  s t r u c tu r e  of th e  fina l p ro d u c t was determ ined  by  GC- 
MS of TMS d e riv a tiv e s . The RT fo r tru x illic  acid  was found  to  be 60.57 
min an d  th e  m ajor ions fo u n d  w ere, 73 (M+ -543; 100), 308 (M+ -308; 
56), 293 (M+ -323; 38), 219 (M+ -397; 29), 45 (M+ -571: 16), 75 (M+ -541;
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14) 249 (M+ -367; 10) an d  179 (M+ -437; 9) th u s  a g re e in g  c losely  w ith 
p u b lish e d  d a ta  (H artley  e t al.t 1988). As th is  is  e s se n tia lly  th e  same
s p e c tr a  o b se rv e d  fo r  TMS p-coum aric  acid , th e  RT of TMS p-coum aric
ac id  w as ch eck ed  an d  fo u n d  to  be 32.7 min.
R esponse fa c to rs  w ere ca lcu la ted  by  c a r ry in g  s ta n d a rd  so lu tions
th ro u g h  th e  p ro c e d u re  d esc rib e d . F ig u re  2.2.1 (A) show s th e  se p a ra tio n  
o b ta in ed  w ith  s ta n d a rd  com pounds an d  (B) show s th e  se p a ra tio n  
ach iev ed  w ith  an  a c tu a l sam ple. The id e n tit ie s  of th e  p eak s  can  be seen  
in  Table 2.2.1 along w ith  th e ir  re sp e c tiv e , ca lcu la ted  re sp o n se  fa c to rs  
( r f ) , r e te n tio n  tim es (RT) an d  re la tiv e  re te n tio n  tim es (RRT).
TABLE 2.2.1. Id e n ti t ie s  a n d  re sp o n s e  fa c to rs  of p e a k s  from  HPLC 
a n a ly s is  of pheno lic  ac id s  (A) s ta n d a rd s ,  B) cell wall 
h y d ro ly sa te ) .
PEAK IDENTITY RT RRT r f
A B A B
1 TRUXILLIC ACID 7.50 6.90 0.49 0.46 4.893
2 cfs-COUMARIC ACID 8.27 8.00 0.55 0.53 0.311
3 trans-COUMARIC ACID 9.27 9.25 0.61 0.61 0.311
4 cis-FERULIC ACID 10.72 10.42 0.71 0.69 0.546
5 fcrans-FERULIC ACID 11.32 11.22 0.75 0.74 0.546
6 ANISIC ACID (I.S) 15.13 15.10 1.0 1.0 1.0
7 DIFERULIC ACID 17.62 17.47 1.16 1.16 0.823
8 DIFERULIC ACID * 17.83 1.18 0.823
* isom eric form  no t p re s e n t  in  sy n th e s ise d  sample.
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2.3 CHROMATOGRAPHY.
2.3.1 HPLC.
HPLC was p erfo rm ed  on a  10 cm x 4.6 mm (i.d) column of 5 pm 
S p h e riso rb  ODS2 w ith  an  LKB BROMMA system  com prising  a  2150 pum p, 
a  2152 LC c o n tro lle r , a  h ig h  p r e s s u re  mixing v a lve  an d  a  2151 UV/VIS 
v a r ia b le  w av e len g th  m onitor. In je c tio n  w as perfo rm ed  v ia  a  Rheodyne 
v a lv e  w ith  a  20 pi loop. All r e a g e n ts  w ere of HPLC g rad e  (May & B aker) 
a n d  w a te r  was d is tilled  an d  deion ised  b e fo re  use . All so lv en ts  w ere 
f i l te re d  on a  2 pm a c e ta te  f i l te r  an d  th o ro u g h ly  d eg assed  befo re  use. 
All sam ples w ere also  f i l te re d  on 2 pm f il te rs . P henolics w ere d e tec ted  
b y  U.V a b so rp tio n  a t  280 nm.
2.3.2 Gas ch ro m ato g rap h y -M ass  sp ec tro m e try .
G.C was perfo rm ed  on a  C arlo -E rb a  (HRGC 5160 MEGA) gas 
ch ro m a to g rap h  w ith  on colum n in jec tio n  on to  a  fu se d  silica  b o n d ed - 
p h ase  column (50m x 0.33mm (i.d )), 0.5 pm film of BP-1 (S.G.E) w ith  
helium  as  a  c a r r ie r  g as  (130 KPa). The g ra d ie n t u sed  was 200 °C fo r  5 
mins th e n  u p  to  300 °C a t  4°C/m in.
M.S was p erfo rm ed  on a  Hew lett P ack ard  5970 m ass sp ec tro m ete r. 
T rim ethy l s ily l d e r iv a tiv e s  w ere p ro d u ced  by  th e  m ethod of Sm ith & 
H artley , (1983).
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2.3.3 M olecular sieve  ch ro m ato g rap h y .
All m olecular sieve  ch ro m a to g rap h y  was p erfo rm ed  on  1 m x 1.7 cm 
colum ns, an d  e lu ted  w ith  w a te r  a t  room te m p e ra tu re . F ive mg sam ples 
w ere  app lied . Void volum es w ere  d e term ined  b y  th e  u se  of b lue  d e x tra n  
(Pharm acia) an d  inc lu sion  volum es by  Na2 SC>4 (d e te c te d  by  BaOH).
2.3.4 T hin  L ayer C hrom atog raphy  (TLC) & P ap er ch ro m a to g rap h y  (PC).
TLC was p erfo rm ed  on silica  gel p la te s  (M erck 5748). P henolics w ere 
d e te c te d  by  flu o re sce n ce  u n d e r  UV lig h t an d  d iazo tised  sulphonilam ide 
re a g e n t (S tah l, 1969). C a rb o h y d ra te s  w ere d e te c te d  by  a -n a p th o l 
r e a g e n t ( J a rv is  e t  al.t 1977) on TLC an d  by  an iline  p th a la te  re a g e n t on 
PC (Wilson, 1959).
S o lven t sy stem  1; Chloroform : M ethanol: Acetic acid: W ater (50:50:15:5). 
S o lv en t sy stem  2; Toluene: Acetone: A cetic acid  (9:1:1).
P ap e r ch ro m a to g rap h y  w as p e rfo rm ed  on Whatman no 1 p a p e r  w ith  a  
so lv en t sy stem  of Butanol: A cetic acid: W ater (60:20:20).
2.4 PYROLYSIS.
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I w ould like to  th a n k  P ro fe s so r  J.J.B oon of th e  FOM In s ti tu te ,
A m sterdam , N e th e rlan d s , a n d  h is  g ro u p  fo r  welcom ing me to  h is 
la b o ra to ry  an d  p e rfo rm in g  th e  p y ro ly s is  an a ly sis .
2.4.1 Py-GC.
The p y ro ly s is  u n it  u se d  (F ig u re  2.4 A) h as  been  d e sc rib e d  
p re v io u s ly  (Boon e t  al., 1987). The sam ple w as ap p lied  v ia  a  p a r tic u la te  
su sp e n s io n  o r so lu tion  in  w a te r on to  a  fe rro m ag n e tic  w ire w hich was 
f lu sh e d  w ith  a rg o n , th e n  p laced  in  a  g la ss  lin e r. The lin e r  was p laced  
in  th e  p y ro ly s is  u n it  re s t in g  on a  Kalrez in te rfa c e  d ire c tly  above th e
G.C column. The lin e r  was s u r ro u n d e d  by  a  ceram ic tu b e  m ain tained  a t
160 °C w hich  is  in  tu r n  s u r ro u n d e d  by  a  h ig h  f re q u e n c y  coil. The u n it 
w as f lu sh e d  w ith  helium  fo r 20 secs  followed by  h y d ro g e n  (c a r r ie r  gas) 
d u rin g  w hich time th e  coil was h ea ted  to  i ts  C urie p o in t w ith in  0.1s 
(510°C). The p y ro ly se d  sam ple was th e n  f lu sh e d  onto  th e  b eg in n in g  of 
th e  column. G.C w as perfo rm ed  on a  Carlo E rb a  (4200) G.C w ith  a
Q uadrex  007 se r ie s  bonded  OV-1701 column (100 m x 0.32 mm 1 pm film).
2.4.2 C urie p o in t Py-MS.
The p y ro ly s is  u n it u sed  (F0M-3LX) (F ig u re  2.4 B) has been  
d e sc r ib e d  p re v io u s ly  (Boon e t al., 1984). The p y ro ly s is  is perfo rm ed  by 
th e  in d u c tiv e  h ea tin g  of th e  sam ple on a  fe rro m ag n e tic  w ire. The
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vo la tile  frag m e n ts  e n te r  th e  ion so u rce  of th e  m ass sp ec tro m e te r 
(B alzers QMA 150/QMG 511) th ro u g h  a  h ea ted  expansion  cham ber and  
io n ised  by  e le c tro n  im pact (17eV). The m ass ra n g e  20-220 a.m .u w ere 
scan n ed  a t  10 s c a n s /s e c o n d  (av e rag e  200).
2.4.3 P latinum  filam ent p y ro ly s is .
Mass sp e c tro m e try  was perfo rm ed  on a  Jeo l DX-303 double fo cu ss in g  
m ass sp e c tro m e te r  w ith  a  Jeo l DCI u n it  an d  a  Jeo l DA-5000 d a ta  system .
Sam ples w ere d rie d , from  p a r tic u la te  su sp e n sio n  o r so lu tion , onto 
th e  p la tinum  sam ple loop of th e  MS p ro b e . The w ire was h ea ted , 
r e s is tiv e ly  a t  a  r a te  of 790°C/m in u p to  830°C. The ev ap o rised  sample 
w as th e n  ion ised  by  e i th e r  e lec tro n  im pact (17 eV) o r chem ical 
io n isa tio n  w ith  ammonia a t  20 Pa. The acc e le ra tin g  vo ltag e  was 3 KV, 
th e  scan  sp eed  one second  a n d  th e  dynam ic re so lu tio n  w as 1200.
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2.5 METHYLATION ANALYSIS.
The m ethod u se d  w as e sse n tia lly  th a t  of Hakomori, (1964) an d  Lomax 
e t  ah , (1983; 1985). Sam ples w ere  f re e z e r  milled a s  d e sc rib e d  p re v io u s ly  
a n d  d r ie d  o v e rn ig h t, u n d e r  vacuum , o v e r P2 O5 . A pproxim ately 10 mg 
sam ples w ere  th e n  a c c u ra te ly  w eighed  o u t in to  so v ira l tu b e s  an d  
so n ica ted  w ith  1ml of d ry  DMSO co n ta in in g  0.151 mg m ethyl allose.
M ethyl su lp h in y l sodium  was th e n  p re p a re d  by  ad d in g  600 mg of 
p e tro leum  e th e r  w ashed  sodium  h y d r id e  to  12 ml of d ry  DMSO an d  
so n ica ted  u n d e r  N2 a t  60 °C fo r  1.5 h o u rs . One ml of th e  m ethyl 
su lp h in y l sodium  was th e n  ad d ed  to  th e  sam ples u n d e r  N2 , son icated  
fo r  30 mins an d  le f t a t  room te m p e ra tu re  o v e rn ig h t.
M ethyl iodide (1 ml) was th e n  ad d ed  to  fro zen  sam ples in  a liq u o ts  of 
0.1ml x 3, 0.2 ml x 1 an d  0.5 ml x 1 allow ing 15 mins betw een  each  
ad d ition . The sam ples w ere  th e n  le f t fo r  2 h o u rs  a f te r  w hich 
m e thy la tion  sho u ld  have  been  com plete.
The sam ples w ere th e n  ad d ed  to  20 ml of 5.5 M NaCl, th e  tu b e s  
be ing  w ashed  o u t w ith  a  f u r th e r  5 ml. The pH w as th e n  a d ju s te d  to  <
1.5 u s in g  2N HC1. The so lu tion  was th e n  e x tra c te d  x 3 w ith  chloroform , 
th e  ch loroform  e x tra c ts  w ere th e n  e x tra c te d  x 1 w ith  0.05 M HC1 an d  x 
4 w ith  w ater.
The chloroform  e x tra c ts  w ere th e n  d ried  in  50 ml RB fla sk s  and  
t r a n s f e r r e d  back  to  so v ira l tu b e s  co n ta in ing  0.5 mg of q u eb rach ito l. 
The chloroform  was th e n  ev ap o ra ted  off an d  1 ml of 90% form ic acid 
was ad d ed , u n d e r  N2, so n ica ted  an d  h ea ted  a t  100 °C fo r 5 h o u rs . The
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form ic acid  was th e n  e v a p o ra te d  o ff an d  1 ml of 0.25 M H2 SO4 was 
ad d e d  u n d e r  N2 , so n ica ted  an d  le f t  o v e rn ig h t a t  100 °C.
The acid  was th e n  rem oved by  a d d in g  an  excess of A m berlite IRA 
400 (14-52 m esh) in  th e  b ic a rb o n a te  form  an d  le f t  fo r  30 mins, f il te re d  
in to  50 ml RB fla sk s  an d  ev ap o ra ted . The sam ples w ere th e n  re d is so lv e d  
in  1 ml of w a te r an d  re d u c e d  by  ad d in g  a  small am ount of sodium  
b o ro d e u te r id e  an d  le f t fo r  3 h rs . Excess b o ro d e u te rid e  was d e s tro y e d  
b y  ad d in g  50 % aq u eo u s ace tic  acid  an d  ev a p o ra te d  to  d ry n e s s  x 4 w ith 
acid  m ethanol an d  x 1 w ith  m ethanol.
A cetic a n h y d r id e  (1 ml) w as ad d ed , so n ica ted  and  h ea ted  a t  100 °C 
o v e rn ig h t. Excess ace tic  a n h y d r id e  w as c o -d is tilled  off w ith  to lu en e  and  
th e  sam ples w ere th e n  t r a n s f e r r e d  to  so v ira l tu b e s  w ith  chloroform  and  
w ater. The aq u eo u s  la y e r  was th e n  rem oved an d  th e  chloroform  la y e r 
w ashed  a  f u r th e r  th re e  tim es w ith  w a te r th e n  d ried . The sam ples w ere 
th e n  re d is so lv e d  in  0.5 mis ace to n e  fo r  in jec tio n .
The p e rm e th y la ted  s u g a rs  w ere th e n  an a ly sed  by  th e  m ethod of 
Lomax e t  al., (1985). Sam ples w ere ru n  on 50 m x 0.33 mm (i.d) wall 
coa ted  fu se d  silica  colum ns of SP-1000, CP-SIL 88 (bo th , 0.22 ym film, 
Chrom pak) an d  a  fu se d  silica bonded  p h ase  column of BP-1 (0.5 ym film, 
S.G.E). A nalysis was perfo rm ed  on C arlo -E rba  4160 and  5160 GC’s w ith 
on colum n in jec tio n  an d  flame ion isa tion  de tec tion . GC-MS w as u sed  fo r 
id e n tif ica tio n  of p eak s  on BP-1. The g ra d ie n ts  u sed  w ere, 45 °C up  to 
210 °C a t  39.9°C/m in fo r CP-SIL 88 a t  130 Pa, 50 °C up  to  220 °C a t 
99.9°C/m in fo r SP-1000 a t  140 Pa an d  50°C up  to  190°C a t  99.9°C/min 
fo r BP-1 a t  130 Pa. The re s u lts  w ere in te g ra te d  from  re te n tio n  co­
e ff ic ie n ts  ca lcu la ted  from  th e  in te rn a l s ta n d a rd s  (allose and
q u e b ra c h ito l)  by  a  S p e c tra  P h y sics  SP4270 in te g ra to r  lin k ed  to  a  Prime 
550 com p u ter v ia  an  RS232 in te r fa c e  (Lomax & Conchie, 1982).
2.6 ACETALATION/METHYLATION ANALYSIS.
The m ethod u se d  was e sse n tia lly  th a t  of DeBelder & Norman (1968) 
an d  Lomax e t al., (1983). Sam ples w ere tr e a te d  an d  w eighed as  fo r 
m ethy la tion  an a ly sis . Two ml of d ry  DMSO was ad d ed  w ith  20 mg of 
p - to lu e n e  su lp h o n ic  acid . A pproxim ately 2 ml of m ethyl v in y l e th e r  was 
th e n  co n d en sed  in to  th e  tu b e s . The tu b e s  w ere sealed , mixed an d  k e p t 
a t  15 °C fo r  3.5 h o u rs . The tu b e s  w ere th e n  c e n tr ifu g e d  and  th e  
s u p e rn a ta n t  rem oved a n d  th e  re s id u e s  w ere w ashed  x 3 w ith  d ry  
ace to n e , th e n  d r ie d  o v e rn ig h t o v e r  P 2 O 5 .
The sam ples w ere  th e n  t r e a te d  a s  fo r  m ethy la tion  an a ly sis .
2.7 THIOACIDOLYSIS.
I would like to  th a n k  Dr C L ap ie rre  (INRA, G rignon, F ran ce) fo r 
p e rfo rm in g  th e  th io ac id o ly sis  an a ly sis .
The m ethod u sed  was th a t  of L ap ie rre  e t  al,, (1983; 1985) and  
p re -m e th y la tio n  of th e  sam ples was p erfo rm ed  as  d e sc rib e d  by  L ap ie rre  
& Rolando, (1988).
A pproxim ately 1 mg sam ples w ere p re -m e th y la te d  w ith  d iazom ethane
-6 2 . -
w hich  w as p re p a re d  by  re a c tin g  2 g of N -m e th y l-n itro so -p -  
to lu enesu lphonam ide , in  20 mis of 2 -m e th o x y e th a n o l/d ie th y le th e r  m ixture 
(1 /1 , v/v )  w ith  10 ml of 60 % (w/w) KOH (aq). One ml of th is  was th e n  
a d d e d  to  th e  sam ples an d  was allowed to  s ta n d  fo r  24 h o u rs  a t  room 
te m p e ra tu re , th is  w as re p e a te d  th re e  tim es. The so lv en t was th e n  
e v a p o ra te d  o ff an d  th e  m ethy la ted  sam ples w ere  freeze  d ried . The 
f re e z e  d r ie d  sam ples w ere th e n  d isso lved  in  10 mis of 
d io x a n e /e th an e th io l m ix ture (9 /1 , v/v )  in  0.2M BF3 e th e ra te . This was 
allow ed to  s ta n d  fo r  fo u r  h o u rs  a t  100°C. The cooled reac tio n  m ixture 
w as th e n  a d ju s te d  to  pH 3.4 w ith  0.4M NaHC03 (aq) an d  e x tra c te d  w ith 
d ich lorom ethane. Hexacosane (0.107 mg) in  d ich lorom ethane was ad d ed  
( in te rn a l s ta n d a rd )  an d  th e  e x tra c ts  w ere d rie d  o v e r Na2 S0 4 , 
e v a p o ra te d  an d  re d is so lv e d  in  1 ml of d ich lorom ethane. The sam ples 
w ere th e n  s ily la ted  by  ad d in g  10 pi of sam ple to  50 pi of BSTFA an d  5 
pi p y r id in e  an d  le f t  a t  room te m p e ra tu re  fo r  24 h o u rs .
GC an d  GC-MS w ere perfo rm ed  on a G irdel model 30 GC f i t te d  w ith  a 
m oving need le  ty p e  in je c to r , a  fu se d  silica  cap illa ry  column (50 m x 
0.32 mm (i.d) 1 pm film th ic k n e s s , CPSIL 5CB, Chrom pak) an d  com bined 
w ith  e i th e r  a  flame ion isa tion  d e te c to r  o r w ith  a  Nermag R 10-10B 
q u ad ro p o le  sp e c tro m e te r  o p e ra tin g  in  e lec tro n  im pact mode (70eV). The 
c a r r ie r  g as  was helium  (1.5 b a r  in le t p re s s u re )  an d  th e  te m p e ra tu re  
was program m ed from  180°C-280°C (+5°C/min) w ith  th e  in je c to r  a t  260 °C 
an d  th e  d e te c to r  a t  280 °C. Each an a ly sis  was perfo rm ed  on 5 pi of 
s ily la te d  sample. In te g ra tio n  was p erfo rm ed  by a  Shim adzu in te g ra to r .
2.8 SPECTROSCOPY.
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2.8.1 In fraR ed  sp e c tro sc o p y  (IR).
I w ould like to  th a n k  Dr J.D .R ussel an d  Mr A .R .F raser of th e  
M acaulay Land Use R esearch  In s t i tu te ,  A berdeen  fo r  perfo rm in g  th e  IR 
a n a ly s is  of th e  LCC’s.
All in f ra re d  sp e c tra , ex cep t th o se  of ry e g ra s s  an d  b a rle y  s traw  
LCC’s w ere  re c o rd e d  from  2.5 mg 13 mm KBr d isc  on a  Pye Unicam SP3- 
200 IR sp ec tro p h o to m ete r.
The s p e c tr a  fo r  DMSO so lub le  f ra c tio n s  w ere  re c o rd e d  from 0.8 mg 
13mm KBr d isc  on a  P e rk in  Elmer 580B sp ec tro p h o to m eter.
2.8.2 U ltra  Violet S p ec tro sco p y  (U.V).
LCC’s w ere d isso lv ed  in  50% aq u eo u s DMSO (v/v )  an d  th e ir  U.V 
s p e c tr a  re c o rd e d  on a  P e rk in  Elmer 124 double beam sp ec tro p h o to m eter.
2.8.3 N uclear m agnetic re so n an ce  sp e c tro sc o p y  (NMR).
I would like to  th a n k  Mr D .R ycroft (Dept of C hem istry , U n iv e rs ity  of 
Glasgow, Glasgow) fo r  perfo rm in g  th e  so lu tion  s ta te  NMR an d  th e  SERC 
solid  s ta te  NMR se rv ice  (Durham U n iv e rs ity , Durham) fo r th e  solid s ta te  
NMR an a ly sis .
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13C NMR sp e c tro sc o p y  of th e  lign in  c a rb o h y d ra te  com plexes w ere 
re c o rd e d  in  D6-DMS0 so lu tion  on a  B ru k e r 200 MHz FT sp ec tro m e te r  
o p e ra tin g  a t  50 MHz. Chemical s h if ts  a re  e x p re s se d  w ith  re s p e c t  to  
te tra m e th y ls ila n e  an d  s e t  from  th e  c e n tra l  re so n an ce  of DMSO a t  39.5 
ppm. The 4H NMR s p e c tra  of FA-ARA was re c o rd e d  a t  200 MHz in  CD30D 
so lu tion . Two dim ensional s p e c tra  w ere o b ta in ed  by  th e  COSY 
p ro c e d u re . Solid s ta te  CP/MAS NMR s p e c tra  w ere o b ta in ed  a t  th e  SERC 
s o lid -s ta te  NMR se rv ice , Durham, on a  V arian VXR-300 sp ec tro p h o to m e te r 
o p e ra tin g  a t  75.4 MHz a t  room te m p e ra tu re  fo r  13C. C ontact time was 
norm ally  1 ms, a q u is itio n  time 9.6 o r 19.2 ms an d  re laxa tion  delay  2 s, 
b u t  c o n ta c t tim es w ere v a r ie d  up  to  10 ms to  check  w h e th e r 
h e te ro g e n e o u s  re lax a tio n  tim es d is to r te d  th e  re la tiv e  s ig n a l in te n s itie s
2.8.4 E lec tro n  sp in  re so n an ce  sp e c tro sc o p y  (ESR).
I w ould like to  th a n k  Mr.D.MacPhail an d  Dr B.Goodman of th e
M acaulay L and Use R esearch  In s t i tu te ,  A berdeen , fo r  p erfo rm in g  th e
ESR an a ly sis .
ESR s p e c tr a  w ere re c o rd e d  on a  V arian E104 sp ec tro m e te r o p e ra tin g  
a t  approx im ate ly  9.5 GHz (x -b an d ) fre q u e n c y .
The s p e c tr a  w ere re c o rd e d  from  solid sam ples a t  room te m p e ra tu re  
w ith  a  m icrowave pow er of 1 mW, a  m odulation am plitude of 2.5 G an d  a 
re c e iv e r  ga in  of 6.3 x 1011 fo r  ry e g ra s s  LCC an d  2 x 104 fo r th e
b a rle y  LCC.
3-0. RESULTS/DISCUSSION.
3.1 MILD ACID HYDROLYSIS.
3.1.1 In tro d u c tio n .
B arley  s tra w  (Hordeum vu lg a re  c .v  Golden Prom ise) an d  p e re n n ia l 
r y e g r a s s  (Lolium p e re n n e  c .v  Perm a) w ere cho sen  a s  th e  s ta r t in g  
m a te ria ls  fo r  th is  re s e a rc h  a s  i t  was th o u g h t th a t  th e  p oo rly  lign ified  
r y e g r a s s  an d , re la tiv e ly , h ig h ly  lign ified  b a rle y  s traw  may p ro v id e  an  
in te re s t in g  c o n tra s t  in  th e  n a tu re  an d  d is tr ib u tio n  of th e ir  phenolic  
com ponents an d  in  th e ir  linkage  p a t te rn s  to  th e  c a rb o h y d ra te s . S traw  
is  a  n a tu ra l  so u rce  of re la tiv e ly  p u re  seco n d a ry  cell w alls w h ereas  
r y e g r a s s  co n ta in s  a  m ixture of p rim ary  an d  seco n d a ry  cell walls. In  
o rd e r  to  fac ilita te  d ire c t com parison of th e  two an d  to  in c re a se  th e  
pheno lic  c o n te n t of th e  s ta r t in g  m aterial, a  non m eso p h y ll-frac tio n  of 
r y e g r a s s  w as u sed .
As m entioned in  th e  in tro d u c tio n , a rab in o se  h as  been  im plicated  as  
b e in g  of p a r tic u la r  im portance in  p h e n o lic -c a rb o h y d ra te  link ing  
(C hesson  e t al., 1983) an d  b r id g in g  th e  hem icellulose to  th e  lign in  
(C hesson , 1988). I t  was th e re fo re  th o u g h t th a t  a  u se fu l s ta r t in g  p o in t 
fo r  th is  in v e s tig a tio n  would be th e  se lec tive  rem oval of a rab in o se .
G lycosidic lin k ag es  v a ry  g re a tly  in  th e ir  re sp o n se  to  acid  h y d ro ly s is  
(L in d b erg  e t  al., 1975). Some, su ch  as  th e  Glc 13 1-4 Glc lin k ag es  found  
in  cellu lose, a re  v e ry  s tab le  and  need  ex ten siv e  and  h a rs h  tre a tm e n t 
fo r  com plete  h y d r o ly s i s .  O th e rs ,  s u c h  a s  th o s e  b e tw e e n  th e  xy lose  u n i t s
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in  a  13 1-4 xylan , a re  le ss  s tab le  an d  need  le ss  ex ten siv e , o r  h a rsh , 
tre a tm e n t. A m ongst th e  w eak est lin k ag es know n in  cell w alls a re  th o se  
in v o lv in g  a ra b in o fu ra n o se , esp ecia lly  th o se  betw een  a ra b in o fu ra n o sy l 
re s id u e s  an d  a ra b in o fu ra n o se -x y lo p y ra n o se  re s id u e s . I t  shou ld  
th e re fo re  be p o ssib le  to  se lec tiv e ly  cleave th e se  u n its  by  u s in g  v e ry  
m ildly acid ic  cond itions  (F ry , 1982).
3.1.2 Oxalate h y d ro ly s is .
H ydro ly sis  w ith  oxalic acid  b ro u g h t a b o u t a  26.3% w eig h t loss in  
b a r le y  s tra w  an d  a  36.4% w eigh t loss in  ry e g ra s s .  Table 3.1.2.1 show s 
th e  chem ical com positions of b a rle y  s traw  an d  ry e g ra s s ,  befo re  and  
a f te r  oxalate h y d ro ly s is . Mild acid  tre a tm e n t so lub ilised  a  co n s id e rab le  
p ro p o rtio n  of th e  a rab in o se  w ith , 68.41% and  83.06%, of th e  o rig ina l, 
be in g  so lub ilised  in  b a rle y  an d  ry e g ra s s  re sp e c tiv e ly . The two s ta r t in g  
m a te ria ls  show ed a  co n sid e rab le  d iffe ren ce  in  re sp o n se  w ith  r e g a rd s  to 
pheno lics . In  b a rle y  s traw , re la tiv e ly  little  of th e  phenolic m ateria l was 
so lu b ilised , (47.82% of th e  phenolic ac id s and  19.01% of th e  lign in ), 
w h ereas  in  ry e g ra s s  70.91% of th e  phenolic ac id s  an d  60.31% of th e  
lig n in  was re le ased . This could s u g g e s t a  h ig h e r  phenolic su b s ti tu t io n  
of th e  a ra b in o se  in  th e  ry e g ra s s  com pared to  b a rle y  s traw  o r may 
re f le c t  th e  h ig h e r  so lub ilisa tion  of a rab in o se  in  th e  ry e g ra s s .  I t  can 
also  be seen  th a t  fe ru lic  acid  and  th e  dim eric ac id s  w ere more read ily  
so lu b ilised  th a n  p -coum aric  acid , w hich seems to  have been  
p re fe re n tia l ly  re ta in e d  in  bo th  th e  ry e g ra s s  and  b a rley  straw .
TABLE 3.1.2.1. Chemical composition of barley straw (BS) and the 
non-mesophyll fraction of ryegrass (RG) and their 
residues (BS & RG HYD) after oxalate hydrolysis.
R esu lts  e x p re sse d  as  % d ry m a tte r (% of o rig inal) •
BS BS HYD (73.70) RG RG HYD(63.60)
RHAMNOSE 0.20 0.05 (18.43) 0.14 0.15 (68.14)
FUCOSE 0.11 0.05 (33.50) 0.27 0.28 (65.95)
ARABINOSE 2.24 0.96 (31.59) 4.73 1.26 (16.94)
XYLOSE 20.49 22.73 (81.75) 21.98 23.98 (69.39)
MANNOSE 0.37 0.24 (47.81) 1.27 0.23 (11.52)
GALACTOSE 0.78 0.17 (16.06) 5.78 0.28 ( 3.08)
GLUCOSE 28.39 27.22 (70.66) 27.38 38.27 (88.89)
URONIC ACIDS 16.06 15.99 (73.38) 14.47 10.26 (45.09)
TOTAL CARBOHYDRATE 47.63 51.92 61.55 64.45
TRUXILLIC ACID 0.20 0.11 (40.54) 0.11 0.04 (23.13)
cls-COUMARIC ACID 0.03 0.04 (98.27) 0.05 0.03 (38.16)
transf-COUMARIC ACID 0.26 0.30 (85.04) 0.23 0.15 (41.48)
c is -FERULIC ACID 0.02 0.02 (73.70) 0.17 0.06 (22.45)
fcrans-FERULIC ACID 0.20 0.14 (51.59) 0.51 0.16 (19.95)
DIFERULIC ACID 0.06 0.04 (49.13) 0.08 0.02 (15.90)
TOTAL PHENOLIC ACIDS 0.78 0.64 (52.18) 1.14 0.45 (29.09)
LIGNIN 9.50 10.44 (80.99) 4.71 2.94 (39.69)
TOTAL PHENOLICS 10.28 11.08 5.85 3.39
TOTAL 57.13 63.00 66.99 77.39
(L ignin  = ace ty l brom ide pheno lics  -  to ta l phenolic ac id s).
M ethylation an a ly sis  of th e  s ta r t in g  m ateria ls  (Table 3.1.2.2) show s a
g e n e ra l c o n s is te n cy  w ith  p rev io u s ly  p u b lish e d  d a ta  (Lomax e t al., 1983;
G ordon e t  al., 1985), a lth o u g h  bo th  b a rle y  s traw  an d  ry e g ra s s  show ed a
low er re c o v e ry  of 2,3,6 -O -M e g lucose. Com parison of th e  m ethy la ted
s u g a r  a n a ly s is  w ith  ald ito l a ce ta te  an a ly sis  show s se v e ra l d isc rep a n c ies .
T his d em o n stra te s  one of th e  m ajor problem s a sso c ia ted  w ith  ald ito l
a c e ta te  an a ly s is  due to  th e  wide ran g e  of lab ilities  of g lycosid ic  linkages
in  p o ly sacc h a rid es  com pared to  th o se  betw een  p erm e th y la ted  su g a rs
(Lomax e t al., 1983).
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A ceta la tio n /m eth y la tio n  an a ly s is  of th e  s ta r t in g  m ateria ls  an d  oxalate 
h y d ro ly se d  b a rle y  s tra w  re s id u e  (Table 3.1.2.3) c lea rly  show ed th a t ,  in  
b a r le y  s tra w , a t  le a s t, th e  d i- s u b s t i tu te d  s u g a rs  w ould seem to  be most 
r e s is ta n t  to  oxalate h y d ro ly s is  w ith  59.34% of th e  o rig in a l 2 ,5 -a rab in o se  
a n d  148.17% of th e  2 ,3-xylose re ta in e d  a f te r  ex trac tio n . The h igh  
re te n tio n  of phenolic m ateria l w ould th e n  s u g g e s t th a t  th e y  a re  m ainly 
d i - s u b s t i tu te d  esp ec ia lly  to  xylose, an d  th a t  d i- s u b s ti tu t io n s  s tab ilise  
th e se , u su a lly  w eak, g lycosid ic  bonds. This is  u n lik e ly  to  be due to  
e le c tro n  delocalisa tion  (Ja rv is , p e rso n a l com m unication), b u t  could  
p o ss ib ly  be due to  s te r ic  h in d ran ce .
T able 3.1.2.2. M ethylation a n a ly s is  of b a r le y  s tra w  a n d  non -m esophy ll
ry e g ra s s .
R esu lts  e x p re s se d  a s  % d ry  m atter.
2,3 ,4- O-Me-ARA
B arley
0.053
R y e g r
0.126
2,3,5- O-Me-ARA 1.747 3.556
2 ,3 -O-Me-ARA 0.299 0.519
2 ,5 -O-Me-ARA 0.391 0.559
3 ,5 -O-Me-ARA 0.265 0.570
UNME- ARA 0.091 -
TOTAL-ARA 2.846 5.330
2 ,3 ,4 -O-Me-XYL 0.320 0.721
2 ,3 -O-Me-X YL 14.366 10.776
2 ,4 -O-Me-XYL 0.177 0.495
2 - O-Me-XYL 2.179 3.821
3 - O-Me-XYL 1.337 1.507
UNME-X YL 0.784 1.984
TOTAL-XYL 19.163 19.304
2 ,3 ,4 -O-Me-RHA 0.127 0.126
3- O-Me-RHA 0.135 0.103
4 - O-Me-RHA 0.076 -
TOTAL-RHA 0.338 0.229
2 ,3 ,4 -O-Me-FUC + -
2,4-O-M e-FUC 0.216 -
2 - O-Me-FUC 0.316 -
TOTAL-FUC 0.532 —
2,3,4,6-O-Me-GLC 0.939 0.219
2 ,3 ,4 -O-Me-GLC 0.129 1.149
2 ,3 ,6 -O-Me-GLC 26.908 21.883
2 ,4 ,6 -O-Me-GLC 0.913 2.371
2 ,3 -O-Me-GLC 1.277 0.727
2 ,6 -O-Me-GLC 1.094 1.949
3 ,6 -O-Me-GLC 0.605 0.365
2 - O-Me-GLC 0.209 0.226
6 - O-Me-GLC 0.185 -
UNME-GLC 0.318 0.355
TOTAL-GLC 32.577 29.244
2,3,4,6- O-Me-GAL 0.551 0.872
2 ,3 ,4 -O-Me-GAL 0.138 0.272
2,3,6- O-Me-GAL 0.126 0.222
2,4,6- O-Me- G A L 0.519 +
- 7 0 -
4 ,6 -O-Me-GAL 0.116 0.114
TOTAL-GAL 1.450 1.480
2 ,3 ,6 -O-Me-MAN 0.349 0.077
3 ,4 ,6 -O-Me-MAN + -
2 ,6 -O-Me-MAN + +
TOTAL-MAN 0.349 0.077
TOTAL CARBOHYDRATE 57.255 55.664
+ = le ss  th a n  0.05%.
TABLE 3.1.2.3. A ceta la tion /M ethy lation  a n a ly s is  o f s ta r t in g  m ate ria ls  an d  
oxalate h y d ro ly se d  b a r le y  s traw .
R esu lts  e x p re s se d  as  % d ry  m a tte r (% of o rig ina l).
ALKALI LABILE
SUBSTITUTIONS B arley  B arley  oxalate re s id u e  R y eg rass
2 ,5 -O-Me-ARA 0.154 0.124 (59.34) 0.129
5 - O-Me-ARA 0.369 0.054 (10.79) 0.598
2 ,3 -O-Me-XYL
2 - O-Me-XYL
3 - O-Me-XYL
1.047 2.105 (148.17)
1.932 0.847 (32.31)
1.611 0.816 (37.33)
0.880
2.040
1.154
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In f ra re d  (IR) sp ec tro sco p y  of th e  s ta r t in g  m ateria ls  (F ig u re s  3.1.2.1 A 
& 3.1.2.1 B) s u p p o r ts  th e  chem ical d a ta  i.e lign in  (1420, 1450 (no t in 
ry e g ra s s )  an d  1500), s tro n g  p y ra n o se  13 linked  C l (896) an d  h ig h  ace ty l 
(1730 an d  1250). I t  is  in te re s t in g  to  no te  th a t  th e  C=0 s tr e tc h  (1730) is 
more in te n s e  in  ry e g ra s s  th a n  b a rle y  s traw , w hereas  th e  ace ty l band  a t  
1210 is  sim ilar in  bo th . In te re s t in g ly , com pared w ith  th e  r e s u l ts  of 
R ussell e t  al., (1988), no tra c e  of silica (800) could be seen  in th e  b a rle y  
s traw . Com parison of th e  s p e c tra  fo r th e  o rig in a l m ateria ls  and  oxalate 
h y d ro ly se d  m ateria ls  (F ig u res  3.1.2.2 A an d  3.1.2.2 B) show no a p p a re n t 
ch an g e  in  g ro s s  com position.
The so lub ilised  fra c tio n s  from  oxalate h y d ro ly s is  w ere found , by  th in  
la y e r  ch ro m a to g rap h y  (TLC, so lv en t system  1), to  be h ig h ly  complex 
m ix tu res of monomeric and  oligom eric c a rb o h y d ra te  an d  u n re so lv ed  
pheno lic  m aterial. The oxalate so luble f ra c tio n s  w ere f re e z e  d rie d  and  
e x tra c te d  w ith  m ethanol to  p ro d u ce  m ethanol so luble an d  m ethanol 
in so lu b le  fra c tio n s  (w ater so luble). This frac tio n a tio n  b ro u g h t ab o u t th e  
so lu b ilisa tio n , in  m ethanol, of 65.9% fo r b a rle y  s traw  an d  54.13% fo r 
r y e g ra s s ,  r e p re s e n t in g  17.33% and  19.70% of th e  s ta r t in g  m ateria ls  
re sp e c tiv e ly .
As can  be seen  from  th e ir  chem ical com positions (Table 3.1.2.4), th e  
b u lk  of th e  a rab in o se  and  phenolic m ateria l would seem to  be so lub le  in 
m ethanol w ith  approx im ately  50% of th e  b a rle y  s traw  phenolic ac id s  and  
o v e r 60% of th e  ry e g ra s s  phenolic ac ids going in to  th e  m ethanol 
f rac tio n . F u r th e r  an a ly sis  showed th a t  m ethanol so luble pheno lics  w ere 
p red o m in an tly  fe ru lic  acid.
Figure 3.1.2.1 Infrared spectra of A) Barley straw apd B) 
Ryegrass,
AtOGO 3500 3000 2500 n o o 12002000 1000 600 6 0 3
WAVENUMBER (C ar1)
1000 6001200 600*.600AOOO 25003S00 2000 16303000
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Figure 3.1.2.2 Infrared spectra of A) Oxalate hydrolysed barley 
straw and B) Oxalate hydrolysed ryegrass.
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TABLE 3.1.2.4. Chemical composition of hydrolysate fractions (Barley 
straw (BS) and ryegrass (RG) water (H2 O) and 
methanol (MeOH) soluble.
R esu lts  e x p re s se d  as  % d ry  m a tte r (% of o rig in a l in  s ta r t in g  m ateria ls).
BS H20(8.97) BS Me0H(17.33) RG H20(16.7) RG MEOH(19.7)
RHAMNOSE - 0.17 (14.73) 1. 03 (122.86)
FUCOSE 0.50 (40.77) 0.25 (39.39) 0. 45 (27.83)
ARABINOSE 1.61 ( 6.45) 14.38 (111.25) 4.49 1(15.85) 23. 09 (96.17)
XYLOSE 36.76 (16.09) 38.86 (41.98) 20. 61 (15.66) 34. 80( 31.19)
MANNOSE 0.66 (16.00) 0.96 (69.32) 1. 92 (25.25) 0. 32 (51.49)
GALACTOSE 2.97 (34.16) 4.12 (91.54) 2.47 (7.14) 4. 61 (15.71)
GLUCOSE 13.26 ( 1.32) 5.22 (3.19) 34 .32 (20.93) 2. 14 (1.54)
URONIC ACIDS 6.02 (3.36) 9.87 (10.65) 11. 00 (12.69) 10. 97 (14.93)
TOTAL CARBOHYDRATE 55.76 63.96 65 .29 67'.9
TRUXILLIC ACID 0.00 - 0.34 (29.46) - 0. 14 (25.07)
cis-COUMARIC ACID 0.01 (0.12) 0.07 (40.44) - 0. 08 (31.52)
trans-COUMARIC ACID 0.08 (23.92) 0.41 (27.33) - 0. 59 (50.53)
cis-FERULIC ACID 0.04 (17.94) 0.13 (112.65) - 0. 38 (44.03)
trans-FERULIC ACID 0.17 (7.62) 1.08 (93.58) - 2. 20 (84.98)
DIFERULIC ACID 0.08 (11.96) 0.21 (60.66) - 0. 20 (49.25)
TOTAL PHENOLIC ACIDS 0.38 (4.37) 2.25 (49.99) - 3. 54 (61.17)
LIGNIN 4.46 (4.21) 11.96 (21.82) - 7. 87 (32.92)
TOTAL PHENOLICS 4.84 14.21 3.46 11. 41
TOTAL 66.62 78.17 79 .74 0. 34
In f r a r e d  an a ly s is  of th e  b a rle y  s traw  an d  ry e g ra s s  MeOH fra c tio n s  
(F ig u re s  3.1.2.3 A & 3.1.2.3 B) c lea rly  show h ig h  a c e ty l an d  e s te r  
c o n te n ts , li ttle  can  be a sc e r ta in e d  from  th e  lig n in  reg io n s  (1400-1650) 
an d  li ttle  d e ta il can  be de term ined  from  th e  c a rb o h y d ra te  reg ion . 
C om parison of th e  in f ra re d  s p e c tra  fo r th e  w a te r so luble  f ra c tio n s  
(F ig u re s  3.1.2.4 A & 3.1.2.4 B) show some d is tin c t d iffe re n c e s , th e  la rg e  
a b s o rp tio n s  in  b a rle y  s traw  fra c tio n  a t  1400-1450 an d  1500-1700 a ra ise  
from  ca rb o x y l g ro u p s  b u t no t from  oxalate (R ussell, p e rso n n a l 
com m unication). The ry e g ra s s  frac tio n  is  more sim ilar to  th e  MeOH
fra c tio n s .
:{• ; -}\
- A»'
Figure 3.1.2.4 Infrared spectra of A) Barley MeOH and B> 
Ryegrass MeOH.
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Figure 3.1.2.4 Infrared spectra of A) Barley H2 O and B) 
Ryegrass H2 O.
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3.1.3 Iso la tio n  a n d  c h a ra c te r is a tio n  of FA-ARA.
TLC (so lv e n t sy stem  1) of r y e g r a s s  a n d  b a r le y  s tra w  m ethanol 
so lu b le  f ra c t io n s  c le a r ly  show ed th e  p re s e n c e  of a ra b in o se , xy lose an d  
a  s e r ie s  of c a rb o h y d ra te  o ligom ers (p ro b a b ly  xy lan  fra g m e n ts ) . Location 
o f phen o lic  com pounds (by  exam ination u n d e r  U.V lig h t)  re v e a le d  tw o, 
s tro n g ly  f lu o re sc in g  s p o ts  a t  ( r . f ’s) 0.87 an d  0.80. On ex p o su re  to  NH3 
th e  sp o t a t  0.87 tu rn e d  b r ig h t  y e llo w /g reen  an d  th e  sp o t a t  0.80 
tu r n e d  d eep  b lue , su g g e s tiv e  of fe ru lic  ac id  an d  p -coum aric  ac id  e s te r s  
re s p e c t iv e ly  (F ry , 1988). Both sp o ts  w ere  fo u n d  to  c o n s is te n tly  co­
c h ro m a to g ra p h  w ith  c a rb o h y d ra te  sp o ts , ev en  w hen ru n  on p a p e r  
ch ro m a to g rap h y . P re lim in a ry  a tte m p ts  a t  p u r if ic a tio n  b y  p re p a ra t iv e  
TLC, an d  s u b se q u e n t a lka line  h y d ro ly s is , s u g g e s te d  th a t  th e  sp o t a t  
0.87 w as fe ru lic  ac id , e s te r  lin k ed  to  a ra b in o se  (FA-ARA) a n d  th e  sp o t 
a t  0.80 w as p -coum aric  acid  also  e s te r  lin k ed  to  a rab in o se . F e ru lic  ac id  
an d  p -co u m aric  ac id  (p-CA-ARA) w ere id e n tif ie d  by  TLC (so lv en t sy stem  
2) a n d  a ra b in o se  by  GC a n a ly s is  as  i ts  a ld ito l a ce ta te .
In  o rd e r  to  in c re a s e  y ie ld s  of th e se  com ponen ts, p re p a ra t iv e  HPLC 
w as u se d  a s  a  ra p id  p u rif ic a tio n  m ethod. As can  be seen  (F ig u re  
3.1.3.1) a  num ber of U.V a b so rb in g  com ponents w ere  s e p a ra te d , th e  fo u r  
m ajor p e a k s  d e s ig n a te d  A, B, C an d  D w ere each  iso la ted . A nalysis of 
th e  s e p a ra te d  p eak s  by  TLC show ed th a t  p eak s  A an d  B b o th  r a n  a s  a  
s in g le  p h e n o lic -c a rb o h y d ra te  sp o t w ith  th e  same r .f  a s  th a t  fo u n d  fo r 
th e  p ro p o se d  p -coum aric  a c id -a ra b in o se  (0.80), th u s
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s u g g e s tin g  th a t  th e  HPLC p e a k s  A & B r e p re s e n te d  th e  c is  a n d  tra n s  
iso m ers  of th e  p -co u m aric  ac id  re sp e c tiv e ly . The same w as a lso  fo u n d  
to  be  t r u e  fo r  p e a k s  C a n d  D w hich  r a n  w ith  th e  same r . f  a s  th a t  fo r 
th e  p ro p o se d  fe ru lic  a c id -a ra b in o se  s p o t (0.87). TLC a lso  re v e a le d  some 
oligom eric c a rb o h y d ra te  a s  a  con tam inan t. U n fo rtu n a te ly , y ie ld s  of th e  
p e a k s  w ere  v e ry  low an d  on ly  p eak  D cou ld  be co llec ted  in  s ig n if ic a n t 
q u a n titie s .
Once co llec ted , p eak  D w as f u r th e r  p u r if ie d  b y  m olecular s iev e  
ch ro m a to g ra p h y  on S ephadex  G-10 to  y ie ld  a  b r ig h t  yellow pow der 
w hich , on  a lk a li h y d ro ly s is  p ro d u c e d  on ly  fe ru lic  ac id  ( id en tif ie d  by  
TLC) a n d  a ra b in o se  ( id en tif ie d  a s  i t s  a ld ito l a c e ta te  b y  GC).
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The in f r a r e d  (IR) sp e c tru m  fo r  FA-ARA (F ig u re  3.1.3.2) show s m ajor 
a b s o rp tio n  b a n d s  a t  3680-3020 (O-H s t r e tc h ) ,  2930 (C-H s t r e tc h ) ,  1720- 
1670 (C=0 s t r e tc h ) ,  1630 (a lip h a tic  C=C s tr e tc h ) ,  1595 (arom atic  C=C 
s t r e tc h ) ,  1510 (arom atic C=C s tr e tc h ) ,  1430 (CH3 -O ), 1300-1240 (ace ty l 
e s te r  C=0 s tr e tc h ) ,  1200-1145 (u n a ss ig n e d ) , 1040 (c a rb o h y d ra te  C-O), 
850 an d  822 (p o ssib ly  t r i s u b s t i tu te d  arom atic  p a t te rn ,  822 n o t p r e s e n t  
in  s ta n d a rd  sp e c tru m  of fe ru lic  ac id ). This a g re e s  c lo se ly  w ith  th e  
sp e c tru m  o b se rv e d  fo r  2 -0 - [5 -O -( t r a n s - f e ru lo y l) - a -L -
a ra b in o fu ra n o sy l]-D -x y lo p y ra n o se  (Sm ith & H artley , 1983) a n d  O-0-D- 
x y lo p y ra n o s y l - ( l - 4 ) -0 - [5 -0 £ ra n s - f e ru lo y l) - a -L -a r a b in o fu ra n o s y l- ( l  3 )]- 
O -0 -D -x y lo p y ra n o sy l-( l-4 )-D -x y lo p y ra n o se  (Kato e t  a i ,  1987). The 
sp e c tru m  fo r  HPLC p eak  B (F ig u re  3.1.3.3) w as, e s se n tia lly , v e ry  sim ilar 
to  th a t  of FA-ARA. The u n a s s ig n e d  b an d  a t  1430, in  FA-ARA, was 
m issing , a s  i t  is  in  th e  s ta n d a rd  sp e c tru m  fo r  p -co u m aric  acid . The 
p ro p o se d  t r i - s u b s t i tu t io n  p a t te r n  in  FA-ARA (850 an d  822) w as, as 
ex p ec ted , n o t p r e s e n t  a n d  hav e  b een  re p la c e d  b y  a  s in g le  b an d  a t  835 
sim ilar to  a  p ara  s u b s t i tu t io n  p a t te rn .
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Figure 3.1.3.4 1H NMR spectrum of FA-ARA.
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XH NMR a n a ly s is  of FA-ARA gave  th e  sp e c tru m  show n in  f ig u re
3.1.3.4 A & B, th e  NMR s ig n a ls  w ere a s s ig n e d , a s  show n in  ta b le  3.1.3.1, 
th e s e  a s s ig n m e n ts  w ere  b ased  upo n  com parison  w ith  NMR s p e c tr a  fo r  
a u th e n tic  a -L -a ra b in o fu ra n o s e  an d  tra n s - f e ru lic  ac id  (Table 3.1.3.2) a n d  
com parison  w ith  p u b lish e d  d a ta  (Sm ith & H artley , 1983 ; M euller H arvey  
e t  a l , 1986). F ig u re  3.1.3.5 d e m o n stra te s  th e  n u m b e rin g  system  u se d  fo r  
d e s ig n a tin g  th e  p ro to n s  in  fe ru lic  acid  a n d  a ra b in o se .
Figure 3.1.3.5 Numbering system for designation of protons.
OH
1C =  0
4, HC2
OH
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TABLE 3.1.3.1. Assignment of 1H NMR signals for FA-ARA.
6_____________________________J __________________ ASSIGNMENT
7.64 16/2 FER H-2
7.11 2 FER H-5
7.02 8 /2 FER H-9
6.73 8 FER H-8
6.30 16 FER H-3
5.15-5.17 ARA H -l
4.18-4.40 ARA H -5 /6
3.90 ARA H-4
3.85-4.05 ARA H-2
3.85 SINGLET FER H-10
3.50-3.70 ARA H-3
TABLE 3.1.3.2. Assignments of 1H NMR signals for standard a-L- 
Arabinose and tran s-F evu iic  acid.
q-L-ARABINOFURANOSE________________________ TRANS-FERULIC ACID
6______________ J _______ ASSIGNMENT_______6_______ J  ASSIGNMENT
5.08 3 H -l 7.58 16 H-2
4.85 SINGLET METHANOL-OH 7.15 2 H-5
3.97 12/1.5 H-3 7.05 8 /2 H-9
3.85 3/2 H-4 6.80 8 H-8
3.75 10/3 H -5/6 6.29 16 H-3
3.55 12/3 H-2 3.88 SINGLET H-10
3.30 MULTIPLET METHANOL-OCH3
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T he dow nfield  s h if t  of ARA. H 5 & 6 is  in d ic it iv e  o f a n  e s te r  lin k ag e  
a t  th e  0 5  p osition .
F ig u re  3.1.3.7 show s th e  p ro p o se d  s t r u c tu r e  of FA-ARA i.e  tr a n s -  
fe ru lic  ac id  e s te r  lin k ed  th ro u g h  th e  0 5  of a -L -a ra b in o fu ra n o s e  o r  5- 
O  ( t r a n s - f  e ru lo y l) -a -L -a ra b in o fu ra n o se .
Figure 3.1.3.7 Structure of 5- O  (trans-feruloyl)-a-L-arabinfuranose.
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3.2 DMSO EXTRACTION.
3.2.1 In tro d u c tio n .
In  th e  G ram ineae, a t  le a s t , th e  on ly  s u g a r  to  h av e  b een  conclusive ly  
show n to  be co v a len tly  bo u n d  to  pheno lic  m a te ria l is  a ra b in o se . I t  w as 
th o u g h t  lik e ly  th a t  a n y  l ig n in -c a rb o h y d ra te  lin k a g e s  in  oxalate 
in so lu b le  re s id u e s  of g ram inaceous w alls w ould, in  all p ro b a b ility , be 
to  s u g a r s  o th e r  th a n  a rab in o se . In  o rd e r  to  s tu d y  some of th e se  
lin k a g e s , th e  oxalate h y d ro ly se d  m ateria l w as e x tra c te d  w ith  DMSO to  
y ie ld  a  l ig n in -c a rb o h y d ra te  complex (LCC). DMSO is  a  v e ry  p ow erfu l 
o rg a n ic  so lv en t, w hich  c leav es  h y d ro g e n  b o n d s , a n d  h as  p re v io u s ly  
b een  u se d  fo r  th e  e x tra c tio n  of LCC’s an d  hem icellu lose (M orrison, 1974 
B: B ouveng & L in d b e rg , 1965: Jo se leau  & G ancet, 1981).
3.2.2 DMSO e x tra c tio n .
DMSO e x tra c tio n  r e s u lte d  in  a  12.1% w eig h t lo ss  in  oxalate 
h y d ro ly se d  b a r le y  s tra w  an d  a  18.6% w eig h t lo ss  in  oxalate  h y d ro ly se d  
ry e g ra s s .
Table 3.2.1.1 show s th e  chem ical com position of th e  DMSO e x tra c te d  
m ateria ls .
TABLE 3.2.2.1. Chem ical com position  o f DMSO re s id u e s .
R esu lts  e x p re s se d  a s  % d ry  m a tte r  (% of o rig in a l) .
B arley R y e g ra ss
DMSO re s id u e  (64.78) DMSO re s id u e  (51.77)
RHAMNOSE 0.11 (35.62) 0.00
FUCOSE 0.37 (217.89) 0.31 (59.43)
ARABINOSE 0.88 (25.45) 1.29 (14.12)
XYLOSE 21.79 (68.89) 19.68 (46.35)
MANNOSE 0.10 (17.51) 0.27 (11.01)
GALACTOSE 0.08 (6.64) 0.08 ( 0.72)
GLUCOSE 34.29 (78.24) 54.41 (102.88)
URONIC ACIDS - 18.46 (66.17)
TOTAL CARBOHYDRATE 57.62 76.04
TRUXILLIC ACID 0.00 0.12 (56.48)
cis-COUMARIC ACID 0.03 (64.78) 0.04 (41.42)
fcrans-COUMARIC ACID 0.24 (59.79) 0.18 (40.52)
cis-FERULIC ACID 0.00 0.08 (24.36)
frans-FER U LIC  ACID 0.09 (29.15) 0.21 (21.32)
DIFERULIC ACID 0.02 (21.59) 0.02 (12.94)
TOTAL PHENOLIC ACID 0.38 (31.56) 0.64 (29.06)
LIGNIN 12.73 (86.80) -
TOTAL PHENOLICS 13.11 -
TOTAL 70.35 77.33
As can  be seen  from  Table 3.2.2.1, th e  s ig n if ic a n t d iffe re n c e  from  
th e  oxalate  h y d ro ly se d  sam ples is  a loss of xylose. In te re s t in g ly , DMSO 
seem s to  have  e x tra c te d  app rox im ate ly  20% of th e  o rig in a l pheno lic  
a c id s  in  b a r le y  s tra w  b u t v e ry  li ttle  in  th e  ry e g ra s s .
Table 3.2.2.2 show s th e  r e s u l t s  of m ethy la tion  a n a ly s is  of th e  DMSO 
e x tra c te d  re s id u e s . I t  is  in te re s t in g  to  no te  th a t  th e  rem ain ing  
a ra b in o se  is  m ainly te rm in a l, an d  in  b a r le y  in  th e  p y ra n o se  form.
T aking  2 ,3 ,4 -O -m ethyl xylose as  te rm inal re s id u e s ,  i t  w ould a p p e a r  
th a t  th e  a v e ra g e  cha in  le n g th  is h ig h e r  th a n  in  th e  s ta r t in g  m ateria ls .
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TABLE 3.2.2.2. Methylation analysis of DMSO residues.
R esu lts  e x p re s s e d  a s  % d ry  m a tte r  (% of o rig in a l) .
Barley DMSO residue Ryegrass DMSO residue
2 ,3 ,5- O-Me- ARA 1.017 0.723
2,3- O-Me-ARA 0.081 0.275
2,5- O-Me- ARA + +
3,4- O-Me-ARA 0.883 0.112
3 ,5 -O-Me-ARA 0.112 0.229
5- O-Me- ARA - +
UNME-ARA + -
TOTAL ARABINOSE 2.093 1.339
2 ,3 ,4 -O-Me-X YL 0.382 0.568
2 ,3 -O-Me-XYL 20.843 14.954
2,4- O-Me-XYL + 0.169
2 - O-Me-X YL 1.587 1.458
3- O-Me-XYL 1.469 0.819
UNME-X YL 0.171 0.559
TOTAL XYLOSE 24.452 18.527
2,3,4- O-Me-RHA + 0.115
2 ,4 -O-Me-RH A + -
3,4- O-Me-RHA + —
4 - O-Me-RHA + —
TOTAL RHAMNOSE - 0.115
3,4-O-M e-FUC +
2 - O-Me-FUC + —
TOTAL FUCOSE - -
2,3,4,6-O-Me-GLC 0.399 0.469
2 ,3 ,4 -O-Me-GLC 0.570 0.206
2,3,6- O-Me-GLC 49.129 49.944
2 ,4 ,6 -O-Me-GLC 0.828 0.303
2 ,3 -O-Me-GLC 2.352 2.345
2 ,4 -O-Me-GLC + —
2 ,6 -O-Me-GLC 1.742 1.053
3 ,6 -O-Me-GLC 1.128 0.840
4 ,6 -O-Me-GLC + +
2 - O-Me-GLC 0.257 0.281
3 - O-Me-GLC 0.087 +
6 - O-Me-GLC 0.241 0.161
UNME-GLC 0.158 0.104
TOTAL GLUCOSE 56.891 55.706
2,3,4,6- O-Me-GAL 0.168 0.348
2 ,3 ,4 -O-Me-GAL + +
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2.3.6- O-Me-GAL -  0.488
2 .4 .6 -O-Me-GAL 0.092 0.084
2 ,3 -O-Me-GAL + 0.099
2 .6 -O-Me-GAL +
3 .6 -O-Me-GAL -  +
4 .6 - O-Me-GAL 0.620
TOTAL GALACTOSE 0.880 1.019
2.3 .4 .6- O-Me-MAN -  +
2 ,3 ,4 -O-Me-MAN + 0.390
2 .3 .6 -O-Me-MAN 0.123 0.585
3 .4 .6 -O-Me-MAN -  +
2 .6 -O-Me-MAN -  0.067
TOTAL MANNOSE 0.123 1.042
TOTAL CARBOHYDRATE 84.439 77.748
+ = le ss  th a n  0.05%.
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A ceta la tio n /M eth y la tio n  a n a ly s is  (Table 3.2.2.3) a g a in  show s a 
s ig n if ic a n t re te n tio n  of th e  d is u b s ti tu te d  xylose, w h e reas  th e  
d is u b s t i tu te d  a ra b in o se  c o n te n t h a s  b een  re d u c e d .
TABLE 3.2.2.3. A ceta la tio n /M eth y la tio n  a n a ly s is  o f DMSO re s id u e s .
R esu lts  e x p re s se d  a s  % d ry  m a tte r  (% of o rig in a l) .
ALKALI LABILE
SUBSTITUTIONS B arley  DMSO re s id u e  R y e g ra s s  DMSO re s id u e
2 ,5 - O-Me-ARA 0.044 (18.51) 0.043 (17.26)
5-O-Afe-ARA 0.038 (6.67) 0.493 (42.68)
2 ,3 -O-Afe-XYL 1.330 (82.29) 1.958 (115.19)
2-O-Me-XYL 0.531 (17.80) 1.998 (50.70)
3-O-Me-XYL 0.456 (18.34) 1.801 (80.76)
C om parison of th e  IR s p e c tr a  of b a r le y  DMSO re s id u e  (F ig u re  3.2.2.1
A) a n d  b a r le y  oxalate re s id u e  (F ig u re  3.1.2.2 A) show s no s ig n if ic a n t 
s t r u c tu r a l  c h a n g e s  ex cep t fo r a  p o ssib le , a p p a re n t  in c re a se  in  
c a rb o h y d ra te  an d  e s te r  c o n te n t (1740). C om parison of th e  e q u iv a le n t 
r y e g r a s s  f ra c tio n s  (F ig u re s  3.2.2.1 B & 3.1.2.2 B) ag a in  show s no
s t r u c tu r a l  d iffe re n c e s  ex cep t fo r  an  a p p a re n t  in c re a se  in  c a rb o h y d ra te  
c o n te n t. C om parison of th e  b a r le y  an d  ry e g ra s s  DMSO re s id u e s  sam ples 
show no d iffe re n c e  ex cep t fo r , a s  w ould be ex p ec ted , th e  m ajor lig n in  
b a n d s  a t  1500 an d  1455, w hich a re  more obv ious in  th e  b a r le y  frac tio n .
Figure 3.2.2.1 Infrared spectra of A) DMSO extracted, oxalate
hydrolysed barley straw and B) DMSO extracted, 
oxalate hydrolysed ryegrass.
r ^ r  ■■ ,1.
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3.2.3 Purification and characterisation of Lignin-Carbohydrate 
complexes.
To a s s e s s  th e  hom ogeneity  of th e  so lu b ilised  lig n in -c a rb o h y d ra te  
com plexes (LCC’s), a tte m p ts  w ere  m ade to  f ra c tio n a te  them  b y  m olecular 
s iev e  ch ro m a to g rap h y  w ith  a  ra n g e  of gels. As can  be seen  (F ig u re
3.2.3.1 A) S ephadex  G-25 fa iled  to  f ra c t io n a te  th e  r y e g r a s s  complex. 
S ep h ad ex  G-100 (F ig u re  3.2.3.1 B), on th e  o th e r  h an d , s e p a ra te d  a  
p h e n o lic -c a rb o h y d ra te  peak  a t  th e  vo id  volum e, from  e x tra n e o u s  
pheno lic  a n d  c a rb o h y d ra te  m ateria l w hich  d id  n o t a p p e a r  to  be linked . 
The ’p u r if ie d ’ r y e g r a s s  LCC from  G-100 w as th e n  ru n  on  S ephadex  G- 
200 (F ig u re  3.2.3.1 C) an d  S ep h aro se  CL-6B (F ig u re  3.2.3.2 A) ru n n in g , 
in  each  case , a s  a  s in g le  p h e n o lic -c a rb o h y d ra te  p eak  w ith  th e  void  
volum e. V ery  sim ilar r e s u l t s  w ere o b ta in ed  fo r  th e  b a r le y  s tra w  LCC, 
b o th  of them  r e p re s e n t in g  app rox im atly  26% of th e  so lu b ilised  m ateria l 
(3% of o rig in a l b a r le y  s tra w  an d  4.5% of o rig in a l r y e g ra s s ) .  The 
o p e ra tin g  ra n g e  of S ep h aro se  CL-6B is u p  to  6x l0 6 d a lto n s , th e re fo re  
su g g e s tin g  a  v e ry  h ig h  m olecular w eig h t complex. As m entioned  in  th e  
in tro d u c tio n , liq u id  c h ro m a to g rap h y  in  aq u eo u s  e lu a n ts , may cau se  
a g g re g a tio n  of th e  LCC’s (C onners e t  al., 1980). Sim ilar DMSO so lub le  
LCC’s from  p e re n n ia l ry e g ra s s  (M orrison, 1974 B) w ere  fo u n d  to  be 
in c lu d ed  well in s id e  S ephadex  G-200, s u g g e s tin g  a  Mwt of approx im ate ly  
150 Kd. T hese  com plexes, how ever, w ere ru n  w ith  10% DMSO w hich  may 
be n e c e ss a ry  to p re v e n t  a g g re g a tio n , o r th e  ball m illing u sed  by 
M orrison may have  depo lym erised  th e  com plexes.
In  an  a tte m p t to  a s s e s s  th e  d eg ree  of a lk a li-lab ile  lin k in g  betw een
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th e  p heno lic  an d  c a rb o h y d ra te  com ponents, th e  p u r if ie d  LCC’s w ere 
h y d ro ly s e d  w ith  a lka li an d  r e r u n  on S ep h a ro se  CL-6B. As can  be seen  
th e r e  w as a  c o n s id e ra b le  d iffe re n c e  in  re sp o n se  be tw een  b a r le y  s tra w  
(F ig u re  3.2.3.3 B) an d  r y e g r a s s  (F ig u re  3.2.3.2 B) LCC’s. The b a r le y  
s tra w  LCC h a s  re ta in e d  i ts  o rig in a l e lu tio n  p ro file  a t  th e  vo id  volum e 
b u t  a lk a li h y d ro ly s e d  app rox im ate ly  50% of th e  pheno lic  m ateria l an d  a 
l i tt le  c a rb o h y d ra te . The ry e g r a s s  LCC, on th e  o th e r  h an d , was 
c o n s id e ra b ly  a l te re d . A lthough  th e  h y d ro ly se d  m ateria l w as v e ry  sim ilar 
to  th a t  o b ta in e d  from  b a rle y  s traw , th e  e lu tio n  p ro file  of th e  h ig h  
m olecular w e ig h t LCC was v e ry  m uch d if fe re n t,  w ith  a  dow nw ard  sh if t  
o f th e  c a rb o h y d ra te  com ponent an d  v e ry  m uch le ss  pheno lic  m ateria l 
be in g  re ta in e d  a t  th e  void  volum e.
TABLE 3.2.3.1. Chemical compositions of LCC’S.
R esu lts  e x p re s se d  as  % d ry  m a tte r.
Barley LCC Ryegrass LCC
RHAMNOSE 0.00 0.00
FUCOSE 0.31 0.00
ARABINOSE 0.86 1.62
XYLOSE 30.55 36.90
MANNOSE 0.08 0.00
GALACTOSE 0.40 1.07
GLUCOSE 4.85 4.69
URONIC ACIDS - -
TOTAL CARBOHYDRATE 37.05 44.28
TRUXILLIC ACID 0.00 0.09
cis-COUMARIC ACID 0.09 0.10
fcrans-COUMARIC ACID 0.52 0.50
cis-FERULIC ACID 0.00 0.30
trans-FER U LIC  ACID 0.23 0.76
DIFERULIC ACID 0.14 0.11
TOTAL PHENOLIC ACIDS 0.97 1.86
LIGNIN 28.58 7.67
TOTAL PHENOLICS 29.55 9.53
TOTAL 66.60 53.81
Figure 3.2.3*1 Ryegrass LCC on A) G-25, B) G-100 and C) G-200.
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Figure 3.2.3.2 A) Ryegrass LCC on CL-6B and B) Alkali 
hydrolysed ryegrass LCC on CL—6B.
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Figure 3.2.3.3 A) Barley straw LCC on CL-6B and B) Alkali 
hydrolysed Barley straw LCC on CL-6B.
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A lthough  NaOH h y d ro ly s is  is  n o t co n c lu siv e  ev id en ce  of e s te r  bo n d s 
b e tw een  th e  p h en o lic s  a n d  th e  c a rb o h y d ra te  i t  seem s lik e ly  th a t  th is  is 
th e  case  a n d  th a t  in  b a r le y  s tra w  LCC, app ro x im ate ly  h a lf  of th e  
p h en o lic s  w ould a p p e a r  to  be lin k ed  b y  a lk a li lab ile  lin k a g e s , w h e reas  
. in  r y e g r a s s  LCC a  m uch h ig h e r  p ro p o r tio n  of th e  p h en o lic s  a re  bo u n d  
b y  a lk a li lab ile  lin k ag es .
The U.V s p e c tr a  fo r  th e  LCC’s (F ig u re  3.2.3.4 A & B) b o th  show 
m ajo r a b so rp tio n  a t  280 nm (b a r le y  A max) s u g g e s tiv e  of th e  p re s e n c e  
o f lign in . Both also  show s ig n if ic a n t a b so rp tio n  a ro u n d  320 nm 
( ry e g ra s s  A max) w hich  may s u g g e s t  th e  p re s e n c e  of c innam yl ty p e  
e s te r  lin k a g e s  (M orrison, 1973). On th e  a d d itio n  of sodium  a c e ta te , a  
no ticab le  hypsoch rom ic  s h if t  o c c u rs  in  th e  b a r le y  s tra w  LCC an d  a 
s h if t  of max to  280 nm in  ry e g ra s s .  I t  is  th o u g h t th a t  th e  a b so rp tio n  
a ro u n d  320 nm may a r is e  from  ca rb o x y l g ro u p s , e i th e r  f re e  o r a s  
e s te r s .  If  th e  ca rb o x y ls  a re  f re e  th e  ad d itio n  of sodium  a c e ta te  shou ld  
p ro d u c e  th is  hypsochrom ic s h if t  an d , if th e y  a re  p r e s e n t  a s  e s te r s ,  
h av e  no e ffe c t, o r  p ro d u c e  a  bathochrom ic s h if t  ( J u rd , 1957). T hese 
r e s u l t s  may in d ica te  th a t  a  la rg e  p ro p o rtio n  of th e  pheno lic  ac id s  in  
b a r le y  s tra w  LCC a re  p r e s e n t  a s  e th e rs .
U n fo rtu n a te ly , id e n tif ic a tio n  of a lka li lab ile  lin k a g e s  by  
a c e ta la tio n /m e th y la tio n  a n a ly s is  w as n o t p o ssib le  due to  th e  d ifficu ltie s  
in v o lv ed  in  th is  a n a ly s is  on so lub le  m ateria ls .
As can  be seen  from  Table 3.2.3.1, an d  m e thy la tion  a n a ly s is  of th e  
com plexes (Table 3.2.3.2) th e  c a rb o h y d ra te  com ponent w ould a p p e a r  to  
p red o m in an tly  c o n s is t of a  13 1-4 xylan. U nlike th e  DMSO so lu b ilised  
com plexes of M orrison (1974 B) th e re  would a p p e a r  to  be a  s ig n if ic a n t
- 1 0 0 . -
am oun t of mixed lin k ed  g lu c an  p re s e n t .  In  b a r le y  s tra w  th e  h ig h  2,4,6 
O-M e-Glucose c o n te n t is  sim ilar to  th e  2,3,6 O-Me-Glucose c o n te n t, th u s  
su g g e s tin g  th a t  m ost, if  n o t all, th e  1-4 lin k ed  g lu co se  comes from  
mixed lin k ed  g lucan . R y e g ra ss  LCC show s a  m uch h ig h e r  c o n c e n tra tio n  
of 1-4 lin k ed  to  1-3 lin k ed  g lucose  th e re fo re  su g g e s tin g  th e  p re s e n c e  
of some x y log lucan , w hich  is  more in  line w ith  th e  f in d in g s  of M orrison  
(1974 B). The m ethy la tion  a n a ly s is  of M orrisons LCC also  show ed
b ra n c h in g  on  th e  xy lan  chain  a t  th e  0-3  p o sitio n  (side  ch a in s  in v o lv in g  
a ra b in o se  a n d  g a lac to se). Both, th e  ry e g r a s s  a n d  b a r le y  s tra w  LCC’s 
h ow ever also  s u g g e s t  th e  p re se n c e  of s id e  ch a in s  a t  th e  0-2  po sitio n , 
s t r a n g e ly  en o u g h  th e  ry e g ra s s  show ing m ore 0-2  b ra n c h e s  th a n  0 -3 .
The h ig h  c o n c e n tra tio n  of xylose an d  low c o n c e n tra tio n  of a ra b in o se  
w ould s u g g e s t  th a t  th e  m ost like ly  s u g a r  to  be invo lved  in 
p h e n o lic -c a rb o h y d ra te  lin k a g e s  is  xylose. I t  h as  b een  s u g g e s te d  
(C hesson  e t  al., 1983) th a t  a lka li lab ile  b o n d s  be tw een  lig n in  an d  xylose 
do ex ist. As can  be seen  from  Table 3.2.3.1, pheno lic  ac id s  a c c o u n t fo r 
on ly  7% of th e  p h en o lics  p re s e n t ,  th u s  s u g g e s tin g  th e  p re s e n c e  of t r u e  
lig n in . I t  is  in te re s t in g  to  no te  th a t  fe ru lic  ac id  is  dom inan t in  th e  
r y e g r a s s  LCC w h ereas  p -coum aric  ac id  is  p red o m in an t in  th e  b a r le y  
LCC, c o n s is te n t  w ith  th e  th e o ry  of p -co u m aric  acid  b e ing  more c losely  
a sso c ia te d  w ith  lig n in  (Shim ada e t  a l , 1971: S c a lb e r t e t a l,t 1985).
Figure 3«2.3.4 U.V Spectra of A) Barley straw LCC and B) Ryegrass 
LCC. (________), (------------------ plus NaOAC).
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T able 3.2.3.2. M ethy la tion  a n a ly s is  o f LCC*S.
R esu lts  e x p re s se d  a s  % d ry  m a tte r.
Barley LCC Ryegrass LCC
2.3 .4- 0-M e-ARA  -  0.415
2 .3 .5- O-Me-ARA 1.513 1.151
2 .3 -0-Me-ARA 0.120 0.207
2 .5 -O-Me-ARA + +
3 .4 -0-Me-ARA + +
3 .5 -0-Me-ARA 0.181 0.903
2-0-Me-ARA -  +
5 - O-Me-ARA -  +
TOTAL-ARA 1.814 2.676
2 ,3 ,4 -O-Me-XYL 0.865 1.631
2 .3 -O-Me-X YL 52.768 55.602
2 .4 -O-Me-XYL 0.158 0.282
2- O-Me-XYL 2.243 4.306
3- O-Me-XYL 1.186 4.624
UNME-X YL + 0.200
TOTAL-XYL 57.220 66.645
2.3.4-O-Me-RHA -  +
3- O-Me-RH A -  0.469
TOTAL-RHA -  0.469
2.3.4.6-O-Me-GLC 1.260 0.238
2 .3 .4 -O-Me-GLC 0.117 +
2 .3 .6 -O-Me-GLC 3.437 5.254
2.4.6- O-Me-GLC 3.877 1.608
2 .3 -O-Me-GLC 0.365 0.220
2 .4 -O-Me-GLC 0.362 +
2 .6 -O-Me-GLC -  +
3 .6 -O-Me-GLC 0.052
UNME-GLC -  0.071
TOTAL-GLC 9.470 7.391
2 .3 .4 .6 -O-Me-GAL 0.266 0.542
2 .3 .4 -O-Me-GAL 0.103 0.135
2.3.6- O-Me-GAL + 0.036
TOTAL-GAL 0.369 0.713
2 .3 .4 .6 -O-Me-MAN 0.424 +
2 .3 .4 -O-Me-MAN + +
TOTAL-MAN 0.424 +
TOTAL CARBOHYDRATE 69.297 77.894
+ = le ss  th a n  0.05%.
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The In f r a r e d  sp e c tru m  fo r  b a r le y  LCC (F ig u re  3.2.3.5 A) 
d e m o n s tra te s  th e  p re s e n c e  of s u b s ta n tia l  a ce ty l, w ith  c h a ra c te r is t ic  
a b s o rp tio n s  a t  1250 a n d  C=0 a t  1733 Cm-1 . The lig n in  re g io n , 1400-1650 
s u g g e s ts  th e  p re s e n c e  of s y r in g y l/v a n il ly l  g ro u p s  (R ussell, p e rs o n  a l  
com m unication). A s u rp r is in g  am ount of, w h at is  p ro p o se d  to  be, 
in o rg a n ic  su lp h a te  1120 an d  630 is  a lso  p re s e n t .  The m ajor 
c a rb o h y d ra te  b a n d s  (990, hem icellu lose C -0  1030-1040, 1070-1090 and  
1150-1180) a re  ty p ic a l of x y la n /g lu c a n , b u t  c a n n o t be p laced  an y  
f u r th e r .
The s p e c tr a  fo r  th e  r y e g r a s s  LCC (F ig u re  3.2.3.5 B) is  v e ry  sim ilar 
to  th a t  fo r  th e  b a r le y  s tra w , b u t  i t s  arom atic  ’f in g e r p r in t ’, w hich no t 
s u rp r is in g ly  h as  an  a p p a re n tly  low er co n ten t.
E lem ental a n a ly s is  of th e  so lub le  com plexes ta b le  3.2.3.3 d id  n o t show 
a n y  s ig n if ic a n t n itro g e n  c o n te n t, u n lik e  m any o th e r  s tu d ie s  of LCC’S 
(F o rd , 1986; N o rd k v is t, 1987; Conchie e t  al., 1988). I t  is  th o u g h t 
u n lik e ly  th a t  mild ac id  h y d ro ly s is  cou ld  have  been  re sp o n s ib le  fo r  th e  
rem oval of an y  N co n ta in in g  com pounds.
Table 3.2.3.3 Elemental composition of LCC’s.
ELEMENT Barley LCC Ryegrass LCC
C 46.90 43.50
H 5.62 5.84
N 0.01 0.17
R esu lts  e x p re s se d  as  % d ry  m a tter.
Figure 3.2 3.5 Infrared spectra of A) Barley-LCC and
B) Ryegrass LCC .
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In  o rd e r  to  p ro d u c e  sm aller p h e n o lic -c a rb o h y d ra te  f ra g m e n ts , th e  
b a r le y  s tra w  LCC w as in c u b a te d  w ith  d r is e la se  (a g e n e ra l ce llu la se  
p re p a ra tio n ) . The h y d ro ly s e d  m ateria l w as th e n  p a s s e d  th ro u g h  a 
colum n of S eph ad ex  G-10 (F ig u re  3.2.3.6). A d r is e la se  b la n k  show ed th a t  
th e  U.V a b so rb in g  com ponent a t  th e  vo id  volum e w as from  th e  enzym e 
p re p a ra t io n  a n d  d id  n o t c o n tr ib u te  to  a n y  o th e r  U.V a b so rb in g  peak .
The s t r u c tu r e  of th e  lig n in  com ponent in  th e  b a r le y  s tra w  LCC was 
f u r th e r  exam ined b y  13C NMR (F ig u re  3.2.3.7). The a ss ig n m e n ts  (Table
3.2.3.4) w ere  b a se d  on  com parison  w ith  p u b lish e d  d a ta  (Himmelsbach & 
B arto n , 1980: Nimz e t  al, 1981) an d  th e  a ss ig n m e n t of th e  13 1-4 xy lan  
w ere  confirm ed  by  com parison  w ith  a  s ta n d a rd  sp ec tru m . The sp ec tru m  
clo se ly  a g re e s  w ith  th e  m e thy la tion  r e s u l t s  i.e m ainly 13 1-4 xy lan  w ith  
some mixed lin k ed  13 D -g lucan . U n fo rtu n a te ly , v e ry  li ttle  can  be  seen  in  
th e  arom atic  re g io n  ex cep t, p o ss ib ly  some coum arate  (th e  p red o m in an t 
pheno lic  acid  p re s e n t)  a n d  some co n ife ry l ty p e  s t r u c tu r e s .  The 
p re s e n c e  of a  s ig n if ic a n t m ethoxyl s ig n a l (s ig n a l 18) w ould, how ever, 
s u g g e s t  a  re a so n a b le  lig n in  c o n te n t, o r  p o ss ib ly  a  h ig h  s y r in g y l 
c o n te n t. S ignal 19 (h y d ro c a rb o n  -CH2 - )  w ould in d ic a te  th e  p re s e n c e  of 
some *lipid like* m ateria l.
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Table 3.2.3.4 Assignments of signals from 13C NMR of Barley LCC.
SIGNAL No. 6.
1 169.1
2 169.0
3 159.5
4 152.5
5 115.5
6 103.1
7 101.7
8 86.1
9 82.5
10 76.2
11 75.5
12 73.9
13 72.6
14 70.0
15 69.7
16 63.2
17 60.1
18 55.7
19 28.9
20 20.8
ASSIGNEMENT.
A cety l C02
C- i  in  c o n ife ry l alcohol
C-4 in  p -co u m a ra te
C-4 in  co n ife ry l alcohol
C-0 in  c o n ife ry l alcohol
C - l in  13 (1-3 , 1-4) g lu can
C - l in  13 (1-4) xy lan
C-3 in  13 (1-3 , 1-4) g lu can
C-4 in  13 (1-3 , 1-4) g lu can
C-2, C-5 in  13 (1-3 , 1-4) g lu can
C-4 in  13 (1-4) xy lan
C-3 in  13 (1-4) xy lan
C-2 in  13 (1-4) xy lan
u n a s s ig n e d
C- t  c o n ife ry l & 13-Ar o r  a-OAr 
C-5 in  13 (1-4) xy lan  
C-6 in  13 (1-3 , 1-4) g lu can  
M ethoxyl (arom atic)
H y d ro carb o n  -CH2 -  
A cetyl CH3
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The re a s o n s  fo r  th e  lack  of a  s ig n a l in  th e  arom atic  re g io n  w as, a t  
f i r s t ,  th o u g h t  to  be due  to  th e  p re s e n c e  of f re e  ra d ic a ls  w hich  w ere 
th o u g h t  to  a f fe c t NMR s ig n a ls  (N o rd k v is t e t al. , 1988). E lec tro n  sp in  
re so n a n c e  sp e c tro sc o p y  (ESR) w as th e n  p e rfo rm ed  to  d e te rm in e  th e  
p re s e n c e  of f re e  ra d ic a ls  in  th e  LCC’S. As can  be seen , f re e  ra d ic a ls  do 
ex is t in  th e se  f ra c t io n s  (F ig u re  3.2.2.8 A an d  B), b u t  li tt le  can  be 
d e te rm in e d  th ro u g h  them . C om parison of th e  s ig n a l in te n s it ie s  show s 
th a t  th e  s ig n a l from  b a r le y  LCC w as ap p rox im ate ly  e ig h t fo ld  g r e a te r  
th a n  th a t  from  r y e g r a s s  LCC. F ig u re  3.2.3.9 a lso  show s th e  p re se n c e  of 
v a r io u s  c o p p e r  sp ec ie s  d em o n stra tin g  axial sym m etry . The poo rly  
re so lv e d  Cu II com ponents may also  show  a  mixed 0 an d  N co o rd in a tio n  
e n v iro n m en t (M acPhail, p e rso n n a l com m unication). High sp in  fe r r ic  was 
a lso  fo u n d  a t  g = 4.3. I t  w as th e n  s u g g e s te d  th a t  f re e  ra d ic a ls  may no t 
be th e  re a so n  fo r  th e  lack  of NMR s ig n a ls  b u t  th e  n a tu re  of lig n in  may 
r e s u l t  in  in c re a se d  re lax a tio n  tim es (Goodman, p e rso n n a l com m unication; 
L udem ann, p e rso n n a l com m unication).
Figure 3.2.3.8 ESR spectra of A) Barley LCC free radical aftd 
B) Ryegrass LCC free radicaL
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3.3. ENZYMIC HYDROLYSIS.
3.3.1 In tro d u c tio n .
In  o rd e r  to  e n r ic h  th e  lig n in  c o n te n t of th e  DMSO in so lu b le  m a te ria l 
b y  rem ov ing  p o ly sa c c h a rid e , a n d  p o ss ib ly  re le a s e  ad d itio n a l p h en o lic -  
c a rb o h y d ra te  f ra g m e n ts , a n  enzym ic d ig e s tio n  w as a d d e d  in to  th e  
f ra c tio n a tio n  schem e. To maximise h y d ro ly s is  of th e  c a rb o h y d ra te  
f ra c tio n , an  enzym e p re p a ra t io n  co n ta in in g  a  w ide ra n g e  of 
p o ly sa c c h a rid a se  a c tiv it ie s  w as so u g h t.
D rise lase , a  "ce llu lase"  p re p a ra t io n  from  th e  B asid iom ycete I r p e x  
la c teu s t w as ch o sen  b eca u se  i t s  u se  in  ce ll w all d ig e s ts  is  well 
d ocum ented  (F ry , 1982: E n g lish  e t  al. , 1972), i t  co n ta in s  a  w ide r a n g e  of 
p o ly sa c c h a rid a se  a c tiv it ie s  (F ry , 1988) a n d  m ost im p o rta n tly , h a s  b een  
show n to  lack  n o n -sp e c if ic  e s te ra s e s  (F ry , 1982).
3.3.2 D rise lase  ex tra c tio n .
The enzym ic h y d ro ly s is  b ro u g h t a b o u t a  36.4% w eig h t lo ss  in  DMSO 
e x tra c te d  b a r le y  a n d  a  76.1% w eig h t lo ss  in  DMSO e x tra c te d  ry e g ra s s .  
S u rp r is in g ly , a s  can  be seen  in  ta b le  3.3.1.1, d r is e la se  tre a tm e n t d id
n o t s ig n if ic a n tly  rem ove a rab in o se .
R esu lts  of m e thy la tion  an a ly s is  fo r  r y e g r a s s  a n d  b a r le y  d r ise la se  
r e s id u e s  a re  show n in  Table 3.3.1.2. The sam ples w ere also  an a ly se d
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b y  a c e ta la tio n /m e th y la tio n  to  d e te rm in e  th e  p o s itio n s  o f a lk a li lab ile  
lin k a g e s  in  th e  hem icellu lose (Table 3.3.1.3). The m ost ob v io u s 
d if fe re n c e  h e re , is  th e  la rg e  re d u c tio n  in  d is u b s t i tu te d  s u g a r s ,  w ith  a  
d ram a tic  re d u c tio n  in  d is u b s t i tu te d  xy lose in  th e  r y e g r a s s .  I t  is  know n 
th a t  a c e ty la te d  6 -x y lo se  is  r e s is ta n t  to  d r is e la se  tr e a tm e n t (F ry , 1988) 
w hich  may in d ic a te  a  la rg e  re le a se  of a lk a li lab ile  lin k ed  phen o lics .
TABLE 3.3.1.1 Chem ical com position  o f d r is e la se  re s id u e s .
R esu lts  e x p re s se d  a s  % d ry  m a tte r  (% of o rig in a l) .
B arley  d r is e la se  R y e g ra s s  d r is e la se
re s id u e  (40.20) re s id u e  (12.38)
RHAMNOSE 0.00 - 0.00 -
FUCOSE 0.35 (127.91) 0.00 -
ARABINOSE 0.60 (10.77) 1.17 (3.06)
XYLOSE 19.83 (38.91) 11.84 (6.67)
MANNOSE 0.00 - 0.00 -
GALACTOSE 0.00 - 0.31 (0.66)
GLUCOSE 31.48 (44.58) 36.54 (16.52)
URONIC ACIDS - - -
TOTAL CARBOHYDRATE 52.26 49.86
TRUXILLIC ACID - 0.28 (31.52)
c is -COUMARIC ACID - 0.11 (27.24)
fcrans-COUMARIC ACID - 0.49 (26.37)
cis -FERULIC ACID - 0.04 (2.93)
trans-FER U LIC  ACID - 0.11 (2.67)
DIFERULIC ACID - 0.08 (12.05)
TOTAL PHENOLIC ACIDS - 1.11 (12.05)
LIGNIN - 5.95 (15.65)
TOTAL PHENOLICS 14.96 (63.31) 7.06
TOTAL 67.19 56.92
- 1 1 4 . -
TABLE 3.3.1.2. M ethylatiD n a n a ly s is  o f d r is e la se  r e s id u e s .
R esu lts  e x p re s se d  a s  % d ry  m a tte r.
B arley  d r is e la se  re s id u e  R y e g ra s s  d r is e la se  re s id u e
2,3 ,5-O-Me-ARA 1.101 1.185
2,3- O-Me-ARA 0.062 0.408
2 ,5- O-Me- ARA 0.039 -
3,4- 0-M e-ARA 0.191 0.316
3 ,5 -O-Me-ARA 0.055 0.344
UNME-ARA + +
TOTAL ARABINOSE 1.448 2.253
2 ,3 ,4 -O-Me-XYL 0.405 0.519
2 ,3 -O-Me-XYL 16.849 8.509
2,4- O-Me-XYL 0.247 0.272
2 - O-Me-XYL 1.205 1.455
3 - O-Me-XYL 1.529 0.626
UNMEhX YL 0.111 0.746
TOTAL XYLOSE 20.346 12.127
2 ,3 ,4 -O-Me-RHA 0.078 _
TOTAL RHAMNOSE 0.078 -
3,4-O-M e-FUC 0.201
TOTAL FUCOSE 0.201 —
2 ,3 ,4 ,6 -O-Me-GLC 0.356 0.775
2 ,3 ,4 -O-Me-GLC 0.064 0.453
2 ,3 ,6 -O-Me-GLC 35.047 36.214
2 ,4 ,6 -O-Me-GLC 0.148 0.039
2 ,3 -O-Me-GLC 1.296 1.344
2 ,6 -O-Me-GLC 0.734 0.929
3 ,6 -O-Me-GLC 0.687 0.418
2 - O-Me-GLC 0.108 -
3 - O-Me-GLC + -
6 - O-Me-GLC 0.149 -
UNMEh GLC 0.072 -
TOTAL GLUCOSE 38.661 40.172
2,3,4,6- O-Me-GAL 0.070 0.256
2 ,3 ,4 -O-Me-GAL + -
2 ,4 ,6 -O-Me-GAL 0.145 +
2 ,3 -O-Me-GAL + -
TOTAL GALACTOSE 0.215 0.256
2,3,4,6-O-Me-MAN 0.055 0.051
2 ,3 ,6 -O-Me-M AN - 0.073
TOTAL MANNOSE 0.055 0.124
TOTAL CARBOHYDRATE 61.004 54.932
+ = le ss  th a n  0.05%.
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C om parison o f th e  IR s p e c tr a  of b a r le y  s tra w  a n d  ry e g r a s s  
d r is e la se  r e s id u e s  (F ig u re s  3.3.1.1 A & 3.3.1.1 B re s p e c t iv e ly ) ,  re v e a ls  
l i t t le  s ig n if ic a n t d if fe re n c e  ex cep t, a s  ex p ec ted , a  h ig h e r  arom atic  
c o n te n t (1500, 1595, 1455 a n d  1420). B oth w ould a p p e a r  to  h av e  a  
s im ilar a c e ty l e s te r  c o n te n t (1240) a n d  ca rb o x y l c o n te n t (1725).
TABLE 3 .3 .I.3 . A ceta la tio n /M eth y la tio n  a n a ly s is  o f d r is e la se  r e s id u e s .  
R esu lts  e x p re s se d  a s  % d ry  w e ig h t (% of o rig in a l) .
ALKALI LABILE
SUBSTITUTIONS B arley  d r is e la se  re s id u e  R y e g ra s s  d r is e la se  re s id u e
2 ,5 -O-Me-ARA 0.106 (28.36) 0.082 (7.87)
5 - O-Me-ARA  0.166 (18.53) 0.197 (4.09)
2,3-O-Me-XYL 1.435 (56.47) 0.882 (12.41)
2 - O-Me-XYL 0.447 (9.53) 0.946 (5.74)
3 - O-Me-XYL 0.433 (11.07) 0.613 (6.58)
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Figure 3.3.1.1 Infrared spectra of A) Barley driselase residue 
and B) Ryegrass driselase residue.
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In  o r d e r  to  d e te rm in e  som eth ing  of th e i r  lig n in  s t r u c tu r e s ,  so lid  
s ta te  (CP/MAS) 13C NMR of th e  d r is e la se  re s id u e s  w as p e rfo rm ed  
(F ig u re s  3.3.1.2 & 3.3.1.3). A ssignm en ts  of th e  s ig n a ls  (T ables 3.3.1.4 &
3.3.1.5) w ere  b a se d  u p o n  com parison  w ith  p re v io u s ly  p u b lish e d  solid  
s ta te  13C NMR of lig n in s  (Maciel e t  aL, 1981; L eary  e t  al., 1988; C yr e t  
aL , 1988) a n d  so lu tio n  s ta te  13 C NMR of lig n in s  a n d  cell w alls
(L udem ann & Nimz, 1973; Nimz & L udem ann, 1976; Nimz e t  aL, 1981; 
H im m elsbach & B arto n , 1980; S c a lb e r t e t  aL, 1986; V a n d e rh a r t & A talla, 
1984).
The m ajor d iffe re n c e  be tw een  ry e g r a s s  a n d  b a r le y  s tra w  is  th e  v e ry  
m uch la rg e r  s ig n a l a t  168 ppm  (s ig n a l 4, fe ru lic  an d  coum aric COOH) in  
r y e g r a s s  com pared  to  b a r le y  w hich  could  mean a  c o n s id e ra b ly  h ig h e r  
c o n te n t of e th e r if ie d  pheno lic  ac id s. The on ly  o th e r  s ig n if ic a n t 
d iffe re n c e  is  th e  v e ry  m uch h ig h e r  s ig n a l, in  b a r le y , a t  152.4 (s ig n a l 8 
in  r y e g r a s s  a n d  9 in  b a r le y ) , a n d  147.9 (s ig n a l 9 in  r y e g r a s s  a n d  10 in  
b a rle y )  w hich  hav e  b een  a s s ig n e d  a s  C-4 c o n ife ry l a n d  C-3 co n ife ry l. I t  
is  d iff ic u lt to  say  w h e th e r  th is  r e p r e s e n ts  a n y  s ig n if ic a n t d iffe re n c e  in  
g u a iacy l c o n te n t, o r  m ere ly  a  h ig h e r  to ta l lig n in  co n ten t.
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TABLE 3.3.1.4 Assignments of signals from 13C CP/MAS NMR of Barley 
driselase residue.
SIGNAL No 6. ASSIGNMENT.
1 183
2 179 ? A cety l C=0
3 173 5
4 168 F e ru la te /p -c o u m a ra te  COOH
5 165.9
6 163 1 C-4 in  p - c o u m ara te , C-4 e th e r if ie d
7 162 r o r  u n s u b s t i tu te d
8 160 J
9 152.8 7 C-4 c o n ife ry l C -3 /5  s y r in g y l
10 147.8 ) C-3 c o n ife ry l (e th e r if ie d  C-4)
11 140 7 C - l in  c o n ife ry l (V arious)
12 137 I C-4 in  s in a p y l
13 135 f C-3 in  p h e n y l coum arin
14 133.6 J
15 129 7 C -2 /6  p -co u m ary l
16 127 j
17 125 7 C - l  c innam yl
18 121 j C -a F e ru lic  e th e r
19 119 7 C-5 co n ife ry l, C -3 /5  p -co u m a ry l
20 117 |  C-B F eru lic  e th e r
21 115 J  C -3 /5  p -co u m a ry l o r  C -2 /5  c o n ife ry l
22 105 C - l  ce llu lo se , C - l  xy lan , C-2 & C-6 s y r in g y l
23 89 7 C-4 ce llu lo se
24 84 J C-B in  B-O-Ar e th e r ,  C-4 & 2 a r a f
25 76 ]  C -2 /3 /5  ceU ulose
26 73 J C -2 /3 /4  x y lan
27 65 7 C-6 ce llu lo se  C- X in  co n ife ry l.
28 63 J C-5 x y lan
29 56 M ethoxyl OCH3
30 34 '
31 32 >
32 30 L ipid
33 27
39 21 A cety l CHs
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TABLE 3.3.I.5. Assignments of signals from 13C CP/MAS NMR of
Ryegrass driselase residue.
SIGNAL NO PPM ASSIGNMENT.
1 182
2 177 1h A cetyl C=0
3 172.7 I
4 168 F e ru la te /p -c o u m a ra te  COOH
5 162 1 C-4 in  p -co u m ary l, C-4 e th e r if ie d
6 160 f o r  u n s u b s t i tu e d
7 158.5 1
8 152.4 *1 C-4 co n ife ry l, C -3 /5  e th e r if ie d  s in a p y l
9 147.9 [ C-3 co n ife ry l (e th e r if ie d  C-4)
10 146 C-3 c o n ife rl e th e r if ie d ,
11 144 C-4 p h e n y l coum arin
12 141 C -l c o n ife ry l (v a rio u s) , C-4 in  s in a p y l
13 139 » C-3 p h e n y l coum arin
14 136.3
15 133
16 130 ) C -2 /6  p -co u m ary l
17 128 i
18 126.5 C - l c o n ife ry l alcohol
19 119 1 C-5 co n ife ry l, C -3/5  p -co u m aric
20 117 r C—13 F eru lic  e th e r
21 115 / C -3 /5  p -co u m ary l o r  C -2 /5  c o n ife ry l
22 105 C -l cellu lose, C - l xy lan , C-2 s y r in g y l
23 89 1 C-4 cellu lose
24 84 J C—13 in  13-O-Ar e th e r  C -4 /2  in  a -L -a ra f
25 78 1 C -2 /3 /5  cellu lose
26 75 J C -2 /3 /4  13(1-4) xy lan
27 66 ") C-6 cellu lose  C-Jf in  c o n ife ry l
28 63 J  C-5 B (1-4) xy lan
29 57 M ethoxyl OCH3
30 33 )
31 30 f Lipid
32 24 J
33 21 A cety l CH3
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M olecular s iev e  c h ro m a to g ra p h y  w as u se d  in  a n  a tte m p t to  iso la te  
a n d , h o p efu lly , c h a ra c te r is e  a n y  p h e n o lic -c a rb o h y d ra te  f ra g m e n ts  
so lu b ilised  b y  th e  d r is e la se  tre a tm e n t. The so lub le  f ra c t io n  w as fo u n d  
to  be a  com plex m ix tu re  of c a rb o h y d ra te  a n d  p o ss ib ly  
p h e n o lic -c a rb o h y d ra te  m a te ria l, o v e r  a  w ide ra n g e  of m olecular w e ig h ts . 
U n fo rtu n a te ly , su c h  a  low re so lu tio n  te c h n iq u e  w as fo u n d  to  be 
in c ap ab le  of com plete ly  re so lv in g  a n y  o f th e  p h e n o lic -c a rb o h y d ra te  
com ponen ts . A ttem pts to  p u r ify  su c h  f ra c tio n s  b y  h ig h e r  re so lu tio n  
te c h n iq u e s  (PC, TLC, GC a n d  HPLC) p ro v e d  u n su c c se s s fu l .
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3.4 PYROLYSIS ANALYSIS.
3.4.1 In tro d u c tio n .
As d e sc r ib e d  p re v io u s ly  (sec tio n  1.3.4.4), p y ro ly s is  is  a  te c h n iq u e  
w h e re b y  com plex m olecules a re  ra p id ly  h e a te d  in  o rd e r  to  p ro d u c e  
vo la tile , eas ily  a n a ly se d  fra g m e n ts . T hese  f ra g m e n ts  may th e n  be 
p a s s e d  d ire c tly  in to  a  MS o r  GC (w ith  s u b s e q u e n t id e n tif ic a tio n  of 
p e a k s  b y  MS).
I t  w as th o u g h t th a t  p y ro ly s is  a n a ly s is  of th e  b a r le y  an d  ry e g r a s s  
f ra c tio n s  may p ro v id e  f u r th e r  s t r u c tu r a l  in fo rm ation  a n d  com plem ent 
th e  ’w e t’ chem ical d a ta . In  o rd e r  to  o b ta in  as  m uch in fo rm ation  as 
p o ssib le , a  num ber of d if fe re n t p y ro ly tic  te c h n iq u e s  w ere u sed . C urie 
p o in t p y ro ly s is  w as u se d  fo r  Py-GC an d  Py-MS (e le c tro n  im pact, El). 
The h ig h  f re q u e n c y  coils in  th e  C urie p o in t p y ro ly s is  u n it, 
u n fo r tu n a te ly ,  in te r f e re  w ith  th e  m ass s p e c tro m e te r’s m agnetic  fie ld  and  
h av e  th e re fo re  to  be p laced  a t  a  d is ta n c e  from  th e  in le t, th u s  re d u c in g  
t r a n s f e r  of h ig h e r  m olecular w eig h t frag m e n ts . In  o rd e r  to  s tu d y  th e se , 
h ig h e r  m olecular w eigh t, f ra g m e n ts , p la tinum  filam en t p y ro ly s is , w hich  
can  be p e rfo rm ed  d ire c tly  in  th e  ion so u rce , was u sed .
P rev io u s  s tu d ie s  (Boon, 1989) have  show n th a t  e le c tro n  im pact (El) 
io n isa tio n  s e v e re ly  fra g m e n ts  c a rb o h y d ra te s ,  w h ereas  phenolic  
com pounds te n d  to  g ive  a  m olecular ion u n d e r  th e s e  co n d itio n s . 
Chemical io n isa tion  (Cl) u s in g  ammonia, how ever, h as  been  fo u n d  to  be 
more su ita b le  fo r c a rb o h y d ra te  a n a ly s is  (Boon, 1989).
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T ab les 3.4.1, 3.4.2 a n d  3.4.3 show  th e  a s s ig n m e n ts  fo r  Py-GC p e a k s , 
El Py-M S a n d  Cl Py-MS re sp e c tiv e ly . The a ss ig n m e n ts  a re  b a sed  on 
m ass s p e c tr a l  ev id en ce , com parison  w ith  p u b lish e d  d a ta  (Pouw els e t  aL, 
1987; Boon e t  aL, 1987; G enuit e t  aL, 1987; Boon e t  al,, 1984; Boon, 
1989; S ch e ijen  e t  al,, 1989) a n d  com parison  w ith  t r a c e s  of s ta n d a rd  
com pounds.
Py-GC, Py-MS (Cl a n d  C urie  po in t) w ere  p e rfo rm ed  a s  a  g e n e ra l 
an a ly s is  of th e  f ra c tio n s . P latinum  filam en t (El) a n a ly s is  w as also  
p e rfo rm e d  an d  th e  tim e c o u rse  of th e  p y ro ly s is  w as re c o rd e d . I t  was 
th o u g h t th a t  th e  tim e re so lv e d  p y ro ly s is  p ro f ile s  may p ro v id e  e x tra  
s t r u c tu r a l  in fo rm ation .
F ig u re s  3.4.25 an d  3.4.26 show  th e  time c o u rse  of th e  p y ro ly s is  fo r 
th e  b a r le y  s tra w  a n d  ry e  g ra s s  f ra c t io n s  re sp e c tiv e ly . The v e r tic a l axis 
r e p r e s e n ts  th e  to ta l ion c u r r e n t ,  a s  d e te c te d  by  th e  m ass sp e c tro m e te r, 
a n d  th e  h o rizo n ta l ax is r e p r e s e n ts  th e  scan  nu m b er ( th e  scan  r a te  
b e in g  1 scan  p e r  seco n d ). The labelled  a re a s  of each  tim e c o u rse  
c o r re s p o n d s  to  th e  a p p ro p r ia te ly  le t te re d  s p e c tr a  in  f ig u re s  3.4.27- 
3.4.42.
3.4.2 Py-GC, Py-MS (C urie p o in t El an d  DCI).
3.4.2.1 S ta r t in g  m ateria ls .
C om parison of th e  Cl sp ec tru m  (Fig 3.4.9) an d  th e  C urie p o in t El 
sp ec tru m  (Fig 3.4.5 (A)) fo r u n tr e a te d  b a rle y  s tra w  g e n e ra lly  a g re e  as 
to  c a rb o h y d ra te  c o n te n t i.e h ig h  p en to se  (El m /z  114; Cl m /z  132, 150)
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a n d  s ig n if ic a n t hexose (El m /z  126, 98; Cl m /z  144, 162, 180) a lth o u g h  
Cl s u g g e s ts  s lig h tly  h ig h e r  hexose th a n  El. P henolic  a c id s  p -co u m aric  
a n d  fe ru lic  (El m /z  120, 150) p ro d u c e d  s ig n if ic a n t p e a k s  by  El b u t 
w ere  le s s  e v id e n t b y  Cl (m /z  182, 212) I t  sh o u ld  be  n o te d  how ever, 
th a t  in  El m /z  120 a n d  150 (Mwt of th e  d e c a r  boxy la te  d ac id s) may on ly  
r e p r e s e n t  e s te r i f ie d  pheno lic  ac id s  (Boon, p e rso n n a l com m unication). The 
Py-GC tr a c e  (Fig 3.4.1 (A)) a g re e s  w ith  a  re la tiv e ly  h ig h  pheno lic  acid  
c o n te n t (p eak s  8 & 9). C urie  p o in t El Py-MS also  show s la rg e  lig n in  
m a rk e r p e a k s  a t  m /z  180 an d  210. The on ly  p eak s  on Py-GC w ith  
m asses c o rre sp o n d in g  to  180 an d  210 (p eak s  16 & 22) a re  r a th e r
in s ig n if ic a n t th u s  g iv in g  some d o u b t a s  to  th e  o r ig in  of m /z  180/210 in  
El. I f  m /z  120 an d  150 r e p r e s e n t  on ly  th e  e s te r i f ie d  pheno lic  ac id s , and  
m /z  164 an d  194 r e p r e s e n t  e th e r if ie d  ac id s , i t  is  in te re s t in g  to  no te  a 
h ig h e r  c o n te n t of m /z  164 r a th e r  th a n  m /z  194, s u g g e s tin g  p -coum aric  
ac id  is  more h eav ily  e th e r if ie d  th a n  fe ru lic  acid .
The on ly  s ig n if ic a n t d if fe re n c e s  be tw een  b a r le y  s tra w  an d  ry e g ra s s  
can  be seen  by  C urie  p o in t El (Fig 3.4.7 (A)) in  th a t  r y e g r a s s  w ould 
a p p e a r  to  hav e  a  s lig h tly  low er hexose, an d  a  s ig n if ic a n tly  low er 
pheno lic  c o n te n t e sp ec ia lly  m /z  180/210. T his is  b ack ed  up  by  th e  P y - 
GC tr a c e  (Fig 3.4.3 (A)) w hich  a lso  s u g g e s ts  a  low er p -coum aric  acid  
c o n te n t com pared  to  fe ru lic  ac id , a lso  seen  by  C urie p o in t El. U n d er Cl 
(Fig 3.4.17) i t  is  in te re s t in g  to  no te  th a t  th e  hexose in  ry e g ra s s ,  
p ro d u c e s  a  m uch h ig h e r  144 peak  th a n  b a rle y  s traw , th e  s ig n ifican ce  of 
w hich, if an y , is unknow n.
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3.4.2.2 O xalate h y d ro ly s is .
Cl MS of oxalate e x tra c te d  re s id u e  from  b a r le y  (Fig 3.4.10) show s a 
m assive re d u c tio n  in  p e n to se  c o n te n t re la tiv e  to  hexose. The d ram atic  
in c re a se  in  s ize  of p eak  18 in  Py-GC (Fig 3.4.1 (B)) w ould seem to  b e a r  
th is  ou t. C urie  p o in t Py-MS (Fig 3.4.5 (B)) show s an  a p p a re n t  d e c re a se  
in  p -co u m aric  ac id  (m /z  120) an d  fe ru lic  ac id  (m /z  150). The pheno lic  
m a rk e rs  m /z  180 a n d  210 also  show  a  d e c re a se  a lth o u g h  th e i r  re la tiv e  
p ro p o r tio n s  rem ain  q u ite  c o n s ta n t. The o x a la te /m e th an o l so lub le  f ra c t io n  
can  be  seen  from  i ts  C urie  p o in t El sp e c tru m  (Fig 3.4.6 (A)) to  c o n s is t 
m ainly of p e n to se , th e  Cl sp e c tru m  (Fig 3.4.15) show ing i t  to  be m ainly 
f re e  p e n to se  (168) th e  lack  of 264 s u g g e s tin g  th e  lack  of d im eric 
p e n to se s . Py-GC (Fig 3.4.2 (C)) d e m o n stra te s  a  v e ry  h ig h  pheno lic  acid  
c o n te n t, a lso  seen  by  C urie  p o in t El MS. The h ig h  m /z  164/194 c o n te n t 
may s u g g e s t  a  h ig h  c o n te n t of e th e r if ie d  pheno lic  ac id s.
The o x a la te /w a te r  so lub le  b a r le y  f ra c t io n  is  ag a in  p red o m in an tly  
p e n to se  in  n a tu re  b u t  h as  a  h ig h e r  hexose c o n te n t th a n  th e  m ethanol 
so lub le  f ra c tio n . The re d u c tio n  in  th e  168 p eak  on Cl (Fig 3.4.16) 
in d ic a te s  th a t  th e  p e n to se  is  oligom eric in  n a tu re .  C urie p o in t El (fig 
3.4.6 (B)) show s th a t  th e  pheno lic  ac id  c o n te n t is  m uch low er an d  P y - 
GC (Fig 3.4.2 (D)) s u g g e s ts  a  ra d ic a l ch an g e  in  ra tio  be tw een  fe ru lic  
a n d  p -co u m aric  ac id s , p -coum aric  b e in g  m uch re d u c e d .
R y e g ra ss  gave  a  sim ilar p ic tu re  w ith  a  low er pheno lic  c o n te n t. On Cl 
(Fig 3.4.18) i t  is  ag a in  in te re s t in g  to  no te  th a t  th e  m ajor hexose peak  
fo r  oxalate e x tra c te d  re s id u e  from  ry e g ra s s  is m /z  134 r a th e r  th a n  m /z 
144 as  p re v io u s ly  o r  m /z  180 fo r th e  c o rre p o n d in g  b a r le y  fra c tio n .
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Py-GC a n d  C urie  p o in t MS show  an  in c re a s e  in  th e  p-CA/FA ra tio  
s u g g e s tin g  a  se lec tiv e  rem oval of fe ru lic  acid .
C urie  p o in t El (Fig 3.4.8) show s a  m uch h ig h e r  hexose c o n te n t fo r 
r y e g r a s s  m ethanol, is  s u p p o r te d  by  Cl (Fig 3.4.23), w h ich  a lso  s u g g e s ts  
th a t  m uch le ss  of th e  p e n to se  is  in  th e  f re e  form . On C urie  p o in t El 
th e  pheno lic  ac id  c o n te n t w ould ag a in  seem to  be m uch low er a lth o u g h  
th e  u n u su a lly  h ig h  m /z  194 may r e p r e s e n t  a  h ig h  s y r in g y l o r  e th e r if ie d  
fe ru lic  ac id  c o n te n t. Cl of th e  r y e g r a s s  o x a la te /w a te r  so lub le  f ra c t io n  
(Fig 3.4.24) w ould ag a in  s u g g e s t  a  h ig h e r  hexose c o n te n t th a n  th a t  fo r  
th e  c o r re sp o n d in g  b a r le y  fra c tio n , th e  m /z  504 ion in  Cl s u g g e s tin g  it  
is  more oligom eric in  n a tu re .
3.4.2.3 DMSO E x trac tion .
Py-GC of DMSO in so lu b le  b a r le y  (Fig 3.4.1 (D)) show s an  a p p a re n t  
re la tiv e  in c re a s e  in  hexose c o n te n t ( in c re a se  in  p eak  3) w h e reas  C urie 
p o in t El (Fig 3.4.5 (C)) an d  Cl MS (Fig 3.4.12) of DMSO in so lu b le  b a r le y  
show an  a p p a re n t  d e c re a se  in  p e n to se  c o n te n t (d ram atic  in c re a s e  in  
m /z  134 in  Cl). C urie p o in t El MS w ould s u g g e s t  little  ch an g e  be tw een  
th e  DMSO re s id u e  an d  oxalate re s id u e , b u t a s l ig h t in c re a se  in  p e n to se  
a n d  m /z  180 c o n te n ts . DCI (Fig 3.4.11), C urie  p o in t El (Fig 3.4.6 (C)) 
an d  Py-GC tra c e  (Fig 3.4.1 (C)) of th e  DMSO so lub le  f ra c tio n , all c lea rly  
show  a  v e ry  h ig h  p e n to se  c o n te n t. The pheno lic  ac id s  w ould a p p e a r  
(from  Py-GC) to  h av e  a  h ig h e r  c o n c e n tra tio n  in  th e  DMSO so lub le  
f ra c tio n . Py-GC also  show s th e  p re se n c e  of t r u e  lign in  m a rk e rs  in th e  
so lub le  m aterial.
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The d is tr ib u tio n  of cell wall com ponen ts  follow ing DMSO e x tra c tio n  
fo r  r y e g r a s s  w as re m a rk a b ly  sim ilar to  th a t  fo r  b a r le y  s tra w , th e  on ly  
re a l  d if fe re n c e  b e in g  th e  low er p heno lic  c o n te n t e sp ec ia lly  in  m /z  
180/210 c o n te n t. Py-GC of th e  re s id u e  show s a  v e r y  h ig h  a c e ty l 
c o n te n t.
3.4.2.4 D rise lase  h y d ro ly s is .
In te rp r e ta t io n  of th e  ch rom atog ram s fo r  th e  d r ise la se  so lub le  
f ra c tio n s  (F ig u re s  3.4.2 (A) a n d  3.4.4 (A)) w as n o t a tte m p te d  due  to  th e  
c o n s id e ra b le  d iffe re n c e  be tw een  th e se  a n d  o th e r  f ra c tio n s . I t  was 
th o u g h t th a t  th e  ’g e l’ like n a tu re  of th e s e  f ra c tio n s  may hav e  made 
re p ro d u c ib le  p y ro ly s is  d if f ic u lt to  ach iev e , p o ss ib ly  due to  s a lt  e f fec ts  
(Boon, p e rso n n a l com m unication), an d  th e  la rg e  in itia l p e a k s , p o ss ib ly  
from  p ro te in  an d  b u f fe r  s a lts ,  make th e  p e a k s  from  so lu b ilised  cell wall 
com ponen ts too small to  allow p o s itiv e  id e n tif ica tio n . S im ilarly , C urie 
p o in t El (Fig 3.4.6 (D)) y ie ld s  li ttle  in fo rm ation  due  to  th e  h ig h  a c e ta te  
p eak  (m /z  60) excep t, p o ssib ly , some so lu b ilisa tio n  of hexose. Cl (Fig 
3.4.16), on th e  o th e r  h an d , c le a rly  show s th e  so lu b ilisa tio n  of some 
hexose (m /z  180, 342, 402) an d  some p e n to se  (m /z  150). C urie  p o in t El 
a n a ly s is  of th e  d r is e la se  re s id u e  (Fig 3.4.5 (D)) show s th a t  th e re  has 
been  s ig n if ic a n t so lu b ilisa tio n  of s u g a r ,  esp ec ia lly  p e n to se , an d  Py-GC 
(Fig 3.4.2 (B)) show s a  la rg e  in c re a se  in  th e  lig n in  m a rk e r p eak s
(p eak s  11, 12, 15, 17, 19, 20, 21, 22, 23 & 24). CI-MS (Fig 3.4.13) show s 
th a t  th e  s u g a r s  p r e s e n t  a re  m ainly hexose (m /z  180) w ith  some p en to se  
(m /z  150). Py-GC also  show s a  h ig h  a c e ty l c o n te n t in  th e  re s id u e . The
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C urie  p o in t El d e m o n s tra te s  th e  la rg e  c h an g e  in  p h e n o lic /c a rb o h y d ra te  
ra tio .
T his a g a in  ho lds t r u e  fo r  th e  ry e g r a s s  d r is e la se  re s id u e s ,  a lth o u g h  
s tra n g e ly  en o u g h  i t  w as th e  C urie  p o in t El (Fig 3.4.8 (B)) fo r  th e  
r y e g r a s s  d r is e la se  so lub le  th a t  show ed some so lu b ilisa tio n  of fe ru lic  
acid .
Py-GC a n d  C urie  p o in t El of th e  re s id u e  s til l show s some hexose an d  
DCI s til l  show s some p en to se . The p heno lic  ac id  ra tio  h a s  a lso  ch an g e d , 
b o th  C urie  p o in t a n d  Py-GC show ing a  m uch h ig h e r  p-C A  c o n te n t, 
com pared  to  FA, th a n  a n y  o th e r  f ra c tio n .
3.4.3 Time re so lv e d  p la tinum  filam en t El.
3.4.3.1 S ta r t in g  m a teria ls .
S tu d y  of th e  time c o u rse  o f th e  p y ro ly s is  of u n tr e a te d  b a r le y  s tra w  
(Fig 3.4.25 (1)) w ould a p p e a r  to  show th e  p re se n c e  of th re e
com ponen ts , b ased  on th e i r  d e so rp tio n  from  th e  w ire. O verall chem ical 
com position (Fig 3.4.27) a g re e s  c losely  to  th a t  d e sc r ib e d  e a r l ie r  i.e h ig h  
p e n to se , hexose, h ig h  m /z  180/210 an d  pheno lic  ac id s  a re  p re s e n t .  The 
p re se n c e  of dim eric lig n in  m a rk e rs  an d  some f a t ty  a c id /lip id  like 
m ateria l is  a lso  ev id en t. The ions m /z  298 an d  328 may also  s u g g e s t  th e  
p re se n c e  of d ife ru lic  a n d  tru x illic  ac id s  re sp e c tiv e ly . I t  m u st be no ted  
h e re  th a t  th e  use  of th e  term  com ponent does n o t s u g g e s t  a n y  
asso c ia tio n  betw een  th e  m ateria ls  in  each  com ponent an d  is  u sed  to  
mean a com ponent of th e  p y ro ly s is  p ro file .
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R y e g ra s s  show ed a  v e ry  d if fe re n t  p y ro ly s is  p ro file  w ith  two 
com ponen ts (F igs 3.4.26 (1) an d  3.4.35), com ponent A show ed a  h ig h  
p e n to se  an d  hexose c o n te n t, some pheno lic  a c id s  a n d  low er Mwt 
p h en o lic s  b u t  v e ry  li ttle  h ig h e r  M w t lig n in  m a rk e rs . C om ponent B 
show ed a  v e ry  sim ilar p a t te r n  b u t  h ad  a  s lig h tly  h ig h e r  h ig h  Mwt 
pheno lic  co n ten t.
3.4.3.2 Oxalate h y d ro ly s is .
Exam ination of th e  time c o u rse  fo r  oxalate  h y d ro ly s e d  b a r le y  (Fig
3.4.25 (2)) show s two m ajor f ra c tio n s . I t  w ould a p p e a r  th a t  oxalate
h y d ro ly s is  h a s  somehow d is ru p te d  th e  m ore vo la tile  com ponent in  
b a r le y  a n d  s lig h tly  in c re a s e d  i t s  v o la tility . S p e c tra  fp r  th e  two 
com ponen ts a re  show n in  Fig 3.4.28. F ra c tio n  A could  be seen  to  c o n s is t 
m ainly of p e n to se  w ith  li tt le  hexose, hav e  a  h ig h  m /z  180/210 c o n te n t, 
an d  co n ta in  b o th  pheno lic  ac id  an d  lig n in  m a rk e rs . The le ss  vo la tile
f ra c t io n  (B) is  a lso  m ainly p e n to se  b u t  w ith  an  in c re a se d  hexose 
c o n te n t. The lig n in  m a rk e rs  m /z  180 a n d  210 w ere  low er a s  w ere  th e  
pheno lic  ac id s  an d  th e  dim eric pheno lic  ac id s  (d ife ru lic  an d  tru x illic )  
a re  p red o m in an tly  in  th is  frac tio n .
The tim e c o u rse  fo r  th e  b a r le y  o x a la te /w a te r  f ra c tio n  (Fig 3.4.25 (7)) 
c le a rly  show ed th e  p re s e n c e  of p e n to se  an d  hexose (p en to se  
p red o m in an t)  (Fig 3.4.33), pheno lic  ac id s  a n d  pheno lic  d im ers. The
p re s e n c e  of th e  lig n in  d im ers m /z  272, 302, 330 an d  358 w ould s tro n g ly  
s u g g e s t  th e  p re se n c e  of t r u e  lign in .
The oxalate/MeOH so lub le  (Fig 3.4.25 (8)) can  be seen  to  co n ta in  two 
d is tin c t com ponents. The s p e c tr a  fo r com ponent A (Fig 3.4.34) h as  an
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u n u s u a l c a rb o h y d ra te  p a t te r n ,  m /z  73 s u g g e s tin g  ex te n s iv e  
f ra g m e n ta tio n , v e ry  few  pheno lic  p e a k s  a re  p r e s e n t  ex ce p t v e ry  small 
am oun ts of m /z  180 & 272. F ra c tio n  B is  re m a rk a b ly  s im ilar to  A w ith  
th e  ex cep tio n  of a n  in c re a s e  in  p ~CA a n d  FA c o n te n t a n d  th e  lig n in  
d im ers m /z  272 an d  302. N eith er com ponent w ould a p p e a r  to  co n ta in  an y  
s ig n if ic a n t am ounts of d ife ru lic  o r  tru x illic  ac id s
The tim e c o u rse  fo r  oxalate h y d ro ly se d  r y e g r a s s  (Fig 3.4.26 (2)) w as 
v e ry  sim ilar to  th a t  fo r  th e  c o rre sp o n d in g  b a r le y  f ra c tio n . The s p e c tr a  
fo r  th e  tw o com ponen ts (Fig 3.4.36), show s a  m uch h ig h e r  hexose 
c o n te n t in  b o th  com ponen ts, e sp ec ia lly  in  com ponent B, an d  a  m uch 
low er p heno lic  c o n te n t. H ow ever, con tam ina tion  from  an  unknow n  so u rce  
made in te rp re ta t io n  of th e  h ig h e r  m olecular w eig h t re g io n  of th e  
sp e c tru m  v e ry  u n c e r ta in .
The tim e c o u rse  fo r  th e  r y e g r a s s  o x a la te /w a te r  so lub le  f ra c t io n  (Fig
3.4.26 (7)) show s th r e e  d is t in c t  com ponents. Com ponent A (Fig 3.4.33) is 
alm ost e n tire ly  p e n to se /h e x o se  w ith  a p p a re n tly  no pheno lic  co n ten t. 
C om ponent B w ould seem to  co n ta in  s lig h tly  m ore p e n to se  in  n a tu re  
a n d  co n ta in  some fe ru lic  acid . The le a s t vo la tile  com ponent C more 
c lo se ly  re sem b les  cell wall m ateria l w ith  p e n to se  an d  hexose an d  th e  
a p p e a ra n c e  of some pheno lic  m ateria l. This c o n s is ts  p red o m in an tly  of 
m /z  164 a n d  194 w ith  some dim eric p h en o lics  m /z  272, 198.
The ry e g ra s s  oxalate/MeOH sam ple (Fig 3.4.26 (8)) h as  d isso c ia ted  
in to  th re e  d is tin c t com ponents. The more vo la tile  com ponent A (Fig 
3.4.42) co n ta in s  p e n to se  an d  hexose th e  pheno lic  ions m /z  194 an d  164 
an d  li ttle  else. Com ponent B has  an  u n u su a l c a rb o h y d ra te  p a t te rn ,
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s u g g e s tin g  com plete se c o n d a ry  fra g m e n ta tio n  of th e  p y ro ly s is  f ra g m e n ts  
h a s  o ccu re d . The p heno lic  a c id s  (m /z  120/150) a re  p r e s e n t  a s  a re  m /z  
194/164. The le a s t  vo la tile  com ponent C, a s  in  com ponent B a n d  in  th e  
c o r re sp o n d in g  b a r le y  f ra c tio n , ag a in  h a s  a  v e ry  u n u su a l s u g a r  p a t te rn .  
The p heno lic  c o n te n t in  th is  com ponent is  v a s t ly  in c re a se d  m ost 
n o ticab le  b e in g  th e  m assive in c re a se  in  m /z  164/194 c o n te n t. D iferu lic 
ac id  is  a lso  p r e s e n t  a s  is  a  s ig n if ic a n t lig n in  c o n te n t (m /z  272, 302, 
330).
3.4.3.3 DMSO E x trac tio n .
E xam ination of th e  p y ro ly s is  p ro file s  fo r  th e  b a r le y  DMSO so lub le  
a n d  re s id u a l  f ra c tio n s  (F ig u re  3.4.25 (4 & 5)) c le a rly  show  th a t  DMSO 
w ould a p p e a r  to  have  so lu b ilised  th e  com pounds w hich  g e n e ra te d  
com ponent A in  th e  p y ro ly se d  oxalate  re s id u e  a n d  leave  a  re s id u e  
w hich  may r e p r e s e n t  com ponent B from  th e  oxalate  re s id u e . The DMSO 
so lu b ilised  m ateria l (3.4.29) can  be seen  to  be com posed p red o m in an tly  
o f p e n to se  w ith  li ttle  hexose. P henolic ac id s  a re  p re s e n t ,  a s  a re  
v a r io u s  s te ro ls  an d  f a t ty  ac id s. The sp ec tru m  b e a rs  a  v e ry  close 
resem b lan ce  to  oxalate h y d ro ly se d  b a r le y  com ponent A. The DMSO 
re s id u e  (3.4.30), on th e  o th e r  h an d , cou ld  be seen  to  m ore c losely  
resem ble  com ponent B from  th e  oxalate re s id u e . In  com parison  to  th e  
so lub le  f ra c tio n , i t  co n ta in s  a p p re c ia b ly  more hexose, hav e  a  re d u c e d  
pheno lic  acid  c o n te n t an d  com parison  of th e  lig n in  m a rk e rs  (m /z  272, 
302, 330) fo r th e  so lub le  an d  in so lu b le  f ra c tio n s  s u g g e s ts  s lig h tly
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d if fe re n t  p a t te r n s  w hich  a re  com parab le  to  th e  lig n in  m a rk e rs  fo r  th e  
v o la tile  a n d  le ss -v o la tile  com ponen ts in  th e  oxalate h y d ro ly s e d  re s id u e .
A gain r y e g r a s s  (F igs 3.4.26 (3 & 4) an d  3.4.37 a n d  3.4.38) show s a 
sim ilar p a t te r n  a lth o u g h , d ir e c t  com parison  of th e  so lu b ilised  m a te ria l 
a n d  re s id u e  w ith  th e  oxalate  h y d ro ly s e d  f ra c tio n  is  n o t so easy . 
C om ponent A of th e  so lub le  f ra c tio n  w ould a p p e a r  to  be m ainly p e n to se  
w ith  some pheno lic  ac id s  a n d  m /z  180 lig n in  m ark e r. L ittle  d e ta il can  be 
seen  in  th e  h ig h e r  Mwt re g io n  due to  some lip id  like  m ateria l. 
Com ponent B is , u n fo r tu n a te ly , h eav ily  con tam in a ted  a n d  in te rp re ta t io n  
o f e i th e r  of th e  s p e c tr a  is  d ifficu lt.
The DMSO re s id u e  can  a lso  be seen  to  ex is t of tw o com ponents. Both 
com ponen ts a re  v e ry  sim ilar ex ce p t fo r  th e  h ig h e r  c o n c e n tra tio n  of m /z  
180 a n d  210 in  th e  m ore vo la tile  com ponent
3.4.3.4 D rise lase  h y d ro ly s is .
The b a r le y  d r is e la se  so lub le  f ra c tio n  (Fig 3.4.25 (6)) c o n s is te d  of 
th r e e  com ponents (Fig 3.4.32), A, co n ta in in g  some hexose an d  li ttle  e lse , 
B, h av in g  a  c h a ra c te r is t ic  p ro te in  p a t te r n  an d  C, h av in g  some hexose 
a n d  p en to se . No s ig n if ic a n t tr a c e  of p h en o lics  can  be seen  in  an y  of 
th e  com ponents.
The tim e c o u rse  fo r  th e  d r is e la se  re s id u e  (F ig u re  3.4.25 (5)) c lea rly  
show s little  ch an g e  from  th e  DMSO re s id u e . On a n a ly s is  of th e  s p e c tra  
(F ig u re  3.4.32) th e  only  n o ticab le  d iffe re n c e  is th e  m assive in c re a se  in 
m /z  180 an d  210 lign in .
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The sp e c tru m  fo r  th e  d r is e la se  so lub le  m a te ria l is  ag a in  d iff ic u lt to  
in te r p r e t ,  a lth o u g h  some hexose can  be seen  in  com ponent A. The two 
com ponen ts fo r  th e  r y e g r a s s  d r is e la se  re s id u e  (F ig u re  3.4.26 (5) an d  
3.4.39) look v e ry  sim ilar, th e  on ly  d iffe re n c e  b e in g  a  s lig h tly  h ig h e r  
hexose c o n te n t in  th e  seco n d  com ponent. A gain, m assive  con tam ina tion  
p r e v e n ts  d e ta ile d  in te rp r e ta t io n  of com ponent B. Com ponent A a g re e s  
w ith  th e  b a r le y  d r is e la se  re s id u e  in  th e  in c re a s e  in  m /z  180/210 
c o n te n t on  d r is e la se  tre a tm e n t.
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TABLE 3.4.1. Assignments of peaks from Py-GfC-M.S.
Peak No. M/Z. Assignement. Source.
1 60 ACETIC ACID CARBOHYDRATE.
2 96 FURALDEHYDE PENTOSE.
3 98 ANGELICALACTONE HEXOSE.
4 114 3-HYDROXY-2-PENTENO-1,5- LACTONE PENTOSE.
5 108 CRESOL
6 124 G-H LIGNIN.
7 138 G-C LIGNIN.
8 120 P-C=C p-COUMARATE.
9 150 G-C=C FERULIC ACID.
10 126 2-METHYL-3-HYDROXY-4-PYRAN-4-ONE HEXOSE.
11 154 S-H LIGNIN.
12 164 G-C=C-C LIGNIN.
13 168 S-C LIGNIN.
14 166 G-CO-C LIGNIN.
15 152 G-CHO LIGNIN.
16 180 S-C=C LIGNIN.
17 194 S-C-C=C LIGNIN.
18 162 1,6 ANHYDROGLUCOSE HEXOSE.
19 182 S-CHO LIGNIN.
20 196 S-C-CHO LIGNIN.
21 180 G-C=C-CHO LIGNIN.
22 210 S-C-CO-C LIGNIN.
23 208 S-C-C-CHO LIGNIN.
24 210 S-C=C-CH20H LIGNIN.
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TABLE 3.4.2. Assignments of mass peaks from electron impact (El) 
Py-M.S.
M/Z. IDENTITY. M/Z. IDENTITY.
43 ACETATE 180 G-C-CO-CH3 ,S-C=C,G-C=C-CH2 OH
57 CELLULOSE 182 S-CHO, G-COO-CH3 .
60 ACETIC ACID 194 S-C=C-C (FA).
73 CELLULOSE 196 s - c - c = o .
85 114 FRAGMENT 208 S-C=C-CHO.
86 PENTOSAN 210 S-C-CO-CH3 .
92 PROTEIN 236 FATTY ACID.
96 FURFURAL 256 FATTY ACID.
98 ANGELICALACTONE 272 LIGNIN DIMER.
114 PENTOSAN 298 DIFERULIC ACID.
116 CELLULOSE 302 LIGNIN DIMER.
117 PROTEIN 324 DIFERULIC ACID.
120 p-COUMARIC ACID (p-CA) 328 TRUXILLIC ACID.
124 G-H 330 LIGNIN DIMER.
126 HEXOSE 342 DIFERULIC ACID.
131 PROTEIN 358 LIGNIN DIMER, TRUXILLIC ACID.
144 GLUCAN 388 TRUXILLIC ACID.
150 FERULIC ACID (FA) 396 STEROL.
152 G-CHO 414 STEROL.
154 S-H 418 LIGNIN DIMER.
164 (PCA),G-C=C-C,G-C-C-OH 464 LIPID.
166 G-CO-CH3 , G-C-C=0 564 LIPID.
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TABLE 3.4.3. Assignments of mass peaks from Direct Chemical 
Ionisation (Cl) Py-M.S.
M/Z. IDENTITY. M/Z. IDENTITY.
54 (NH4>3 168 FREE PENTOSE.
78 ACETIC ACID 170 S-CHO.
120 P-C=C 176 GALCOOH.
121 VINYLPHENOL 180 HEXOSE,HEXOSAN.
124 G-H 181 VINYLPHENYL.
126 HEXOSE 182 p-COUMARIC ACID.
132 ANHYDROPENTOSE 193 S-C=C-CH3.
134 CELLULOSE 200 G-CHO.
135 G-C 210 S-CO-CH3.
144 GLUCOSE/GLYCAN 212 FERULIC ACID.
146 RHAMNOSE,DEOXYHEXOSE 222 CELLULOSE.
150 PENTOSAN 264 PENTOSE-PENTOSE.
151 VINYLPHENOL 282 PENTOSE-PENTOSE.
154 S-H 312 HEXOSE-PENTOSE.
162 GLUCOSE/GLYCAN 342 HEXOSE-HEXOSE.
163 G-C=C-CH2 402 CELLULOSE.
164 DEOXYHEXOSE 414 PENTOSE-PENTOSE-PENTOSE,
165 S-C 504 HEXOSE-HEXOSE-HEXOSE.
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Figure 3.4.25 Platinum filament El Py-MS time course of barley 
fractions.
1) Barley straw.
2) Oxalate hydrolysed barley straw.
3) DMSO soluble barley straw.
4) Oxalate hydrolysed DMSO extracted barley straw.
5) Barley straw driselase residue.
6) Barley straw driselase soluble.
7) Barley straw H2 O.
8) Barley MeOH.
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Figure 3.4.26 Platinum filament El Py-MS time course of ryegrass 
fractions.
1) Ryegrass.
2) Oxalate hydrolysed ryegrass.
3) DMSO soluble ryegrass.
4) Oxalate hydrolysed DMSO extracted ryegrass.
5) Ryegrass driselase residue.
6) Ryegrass driselase soluble.
7) Ryegrass H2 O.
8) Ryegrass MeOH.
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Figure 3.4.28 Platinum filament El Py-MS of oxalate hydrolysed 
barley straw A) scans 33-41 and B) 44-75.
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Figure 3.4.31 Platinum filament El Py-MS of driselase soluble 
barley straw A) scans 25-34, B) 35-45 and 
C) 46-60.
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Figure 3.4.33 Platinum filament El Py-MS of barley MeOH A) 
25-35, B) 35-55.
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Figure 3.4.35 Platinum filament El Py-MS of Ryegrass A) 
35-42, B) 43-50.
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Figure 3.4.36 Platinum filament El Py-MS of oxalate hydrolysed 
ryegrass A) scans 38-45, B) 45-59.
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Figure 3.4.37 Platinum filament El Py-MS of DMSO soluble 
ryegrass A) scans 35-40, B) 41-55.
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Figure 3.4.38 Platinuin filament El Py-MS of ryegrass DMSO 
residue A) scans 35-44, B) 40-47
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Figure 3.4.39 Platinum filament El Py-MS of ryegrass driselase 
residue A) scans 25-44, B) 40-47
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Figure 3.4.40 Platinum filament El Py-MS of driselase soluble 
ryegrass A) scans 25-38, B) 40-47.
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Figure 3.4.41 Platinum filament El Py-MS of ryegrass MeOH 
A) scans 33-40, B) 40-45 and C) 45-60.
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Figure 3.4.42 Platinum filament El Py-MS of ryegrass H2 O 
A) scans 20-35, B) 40-47 and C) 48-60.
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3.4.4 D iscussion .
In te rp re ta t io n  of th e  p y ro ly s is  r e s u l t s ,  s u g g e s te d  th a t  th e  s ta r t in g  
m a te ria ls  w ere , s t r u c tu ra l ly ,  v e ry  sim ilar w ith  r y e g r a s s  h av in g  a  low er 
lig n in  c o n te n t. Oxalic ac id  h y d ro ly s is  w ould a p p e a r  to  b r in g  a b o u t a  
lo ss  of p e n to se  an d  pheno lic  ac id s  from  th e  s ta r t in g  m a te ria ls . T h ere  
w ould also  seem  to  be a  lo ss  of some lig n in . Of th e  m a te ria l so lu b ilised , 
th e  b u lk  of th e  pheno lic  ac id s  a n d  p e n to se  (m ainly monom eric) is  
so lu b ilised  in  th e  m ethanol f ra c tio n  w ith  m ore of th e  h ig h e r  Mwt 
p h en o lic s  a n d  oligom eric c a rb o h y d ra te  rem ain ing  in  th e  w a te r  so lub le  
m ateria l.
DMSO e x tra c tio n  a p p a re n tly  so lu b ilised  a  f ra c t io n  r ic h  in  p e n to se  w ith 
some lig n in  (e sp ec ia lly  in  b a r le y )  an d  pheno lic  ac id s. The re s id u e  is 
m ainly hexose in  n a tu re ,  h eav ily  a c e ty la te d  an d  h eav ily  lig n ified .
H y d ro ly sis  of th e  DMSO re s id u e s  w ith  d r is e la se  so lu b ilised  b o th  
p e n to se  a n d  hexose an d , in  r y e g r a s s  a t  le a s t ,  some fe ru lic  acid . The 
r e s id u e s  a re  b o th  h eav ily  a c e ty la te d  a n d  lig n ified , b o th  s til l  re ta in e d  
some p e n to se  an d  hexose. T h ro u g h o u t th e  f ra c tio n a tio n  schem e i t  is 
a p p a re n t  th a t  fe ru lic  ac id  w as p re fe re n t ia l ly  rem oved , in c re a s in g  th e  p -  
c o u m a ric /fe ru lic  ac id  ra tio  u n til  i t  is  alm ost 1:1 in  th e  d r is e la se  
r e s id u e s  com pared  to  app rox im ate ly  1:2 in  th e  s ta r t in g  m a teria ls .
The p re c ise  p h y s ic a l p ro c e s se s  inv o lv ed  in  p y ro ly s is  make s t r u c tu r a l  
in te rp re ta t io n  of th e  p y ro ly s is  p ro file s  fo r  p la tinum  filam en t El MS 
d iff ic u lt to in te rp r e t .  I t  is d iff ic u lt to  say  w h e th e r  th e  s e p a ra te d  
com ponents t r u ly  r e p r e s e n t  d is c re te  cell wall f ra c tio n s  o r  r e p r e s e n t  
f ra g m e n ts  w hich a re  v o la tilised  a t  th e  same time.
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At f i r s t  g lance , su b tle  d if fe re n c e s  in  th e  phen o lic  f in g e r p r in ts  of 
th e  b a r le y  DMSO so lu b le  a n d  in so lu b le  f ra c t io n s  w ere  no ticed . More 
d e ta ile d  exam ination of th e  re la tiv e  in te n s itie s  of th e  a s s ig n e d  pheno lic  
io n s  (Table 3.4.4) c le a rly  d e m o n s tra te s  th a t  s ig n if ic a n t d if fe re n c e s  in  
th e  lig n in  s t r u c tu r e  b e tw een  th e  DMSO so lu b le  a n d  th e  re s id u e  may 
ex ist.
The p re c ise  m echanism  of th e  p y ro ly tic  b reak d o w n  of lig n in , 
h o w ev er, is  unknow n, a lth o u g h  te n ta t iv e  p ro p o sa ls  h av e  b een  made 
(G enuit e t  a l., 1987). I t  w ould be ex cep tio n a lly  d if f ic u lt to  d raw  a n y  
s ig n if ic a n t s t r u c tu r a l  co n c lu sio n s  from  th e se  r e s u l ts .
V ery  su b tle  d if fe re n c e s  in  th e  pheno lic  com ponent of th e  ry e g r a s s  
f ra c t io n s  w ere  a lso  n o ticed . C ontam ination of m any of th e  ry e g r a s s  
f ra c t io n s , how ever, p re v e n te d  d ire c t  com parison  of th e  pheno lic  ions. 
T h e re fo re  i t  is  n o t p o ssib le  to  say  w h e th e r  th e s e  d iffe re n c e s  t r u ly  
e x is t a n d , if so, a re  th e y  th e  same a s  th o se  fo u n d  in  b a r le y  s traw . I t  
w as fe lt  th a t  th e se  d if fe re n c e s  w a rre n te d  f u r th e r  in v e s tig a tio n , 
th e re fo re  i t  w as d ec id ed  to  a n a ly s is  th e  lig n in  s t r u tu r e  in  g r e a te r  
d e ta il (sec tio n  3.5).
I t  is  in te re s t in g  to  no te  th a t  th e  DMSO an d  d r is e la se  re s id u e  lig n in  
f in g e rp r in ts  a re  e s se n tia lly  v e ry  sim ilar th u s  s u g g e s tin g  th a t  d r is e la se  
does n o t so lu b ilise  a n y  s ig n if ic a n t lign in .
In  g e n e ra l, p y ro ly s is  a n a ly s is  of th e  cell wall f ra c t io n s  b y  each  
d if fe re n t  p y ro ly tic  te c h n iq u e  have g iv en  c o n s is ta n t an d  com parab le  
r e s u l ts .  The d e g re e  of s t r u c tu r a l  in fo rm ation  p ro v id e d  an d  th e
-1 8 2 . -
co m p aritiv e ly  s h o r t  a n a ly s is  tim e m u st s tro n g ly  commend p y ro ly s is  
a n a ly s is  a s  a  v a lu a b le  too l in  ce ll w all s tu d ie s .
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3 .5.THI0ACID0LYSIS.
3 .5 .1  In tro d u c t io n .
As m entioned p re v io u s ly  ( s e c t io n  1 .3 .3 .2 ) ,  th io a c id o ly s is  i s  a 
s o lv o ly t ic  te ch n iq u e  which s p e c i f i c a l l y  c le a v e s  a l k y l - a r y l  e th e r  
l in k a g e s  as  dem onstra ted  in  F ig u re  3 .5 .1 .  T h is te ch n iq u e  on ly  a llow s 
a n a ly s is  o f p-hydroxyphenyl (H), s y r in g y l (S) and g u a ia c y l (G) c o n te n t 
in  a lk y l  a r y l  e th e r  l in k e d  (uncondensed) l ig n in .  A m o d if ic a tio n  o f t h i s  
method, by p re m e th y la tio n  o f th e  sample w ith  diazom ethane a llow s 
a n a ly s is  o f th e  ’ i n t e r n a l ’ and ’ te rm in a l’ l ig n in  monomers to  be 
d i f f e r e n t i a t e d  (L a p ie rre  & Rolando, 1988).
P y ro ly s is  a n a ly s is  in d ic a te d  p o s s ib le  d if f e r e n c e s  between th e  
s t r u c tu r e s  o f th e  s o lu b i l i s e d  and r e s id u a l  l ig n in s .  I t  was th o u g h t th a t  
th io a c id o ly s is  a n a ly s is  o f th e  DMSO s o lu b i l i s e d  f r a c t io n s  and th e  
d r i s e l a s e  r e s id u e s  would p ro v id e  f u r th e r  in fo rm a tio n  on th e se  
s t r u c t u r a l  d i f f e r e n c e s .
3 .5 .2 .  RESULTS.
T h io a c id o ly s is  was perform ed on p e rm e th y la ted  b a r le y  DMSO s o lu b le ,  
ry e g ra s s  DMSO s o lu b le  and d r i s e l a s e  in s o lu b le  ry e g ra s s  f r a c t io n s .  The 
r e s u l t s  o f  th e  th io a c id o ly s is  a n a ly s is  a re  shown in  Table 3 .5 .1 .
D eterm ination  o f  th e  G-OMe c o n te n ts  were n o t ,  i n i t i a l l y ,  a ttem p ted
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due to  an o v e rla p p in g  o f th e  G-OMe peak w ith  th a t  o f a xylan  
d e g ra d a tio n  p ro d u c t. S-OMe v a lu e s  w ere, s im i la r ly ,  n o t determ ined  fo r  
th e  ry e g ra s s  sam ples because o f th e  very  low amounts p re s e n t .
In  o rd e r  to  e s t a b l i s h  w hether i t  would be p o s s ib le  to  a ttem p t a 
rough e s tim a te  o f G-OMe c o n te n t by s e le c t iv e  ion  m o n ito ring  (SIM) by 
GC-MS, th e  mass spectrum  o f each component was s tu d ie d  and th e  ions m/z 
211, 269, 241 and 299 were th en  chosen to  r e p re s e n t  G-OMe, G-OH, S-OMe 
and S-OH r e s p e c t iv e ly .  The in t e n s i ty  o f  each ion  was then  taken  as a 
r e l a t i v e  m easure o f c o n te n t a s  shown in  T able 3 .5 .2 . .  F ig u re  3 .5 .2  
shows th e  GC-MS t r a c e  ( t o t a l  ion  c u r re n t)  o f  th e  th io a c id o ly s is  sample 
fo r  ry e g ra s s  d r i s e l a s e  r e s id u e .
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TABLE 3.5.1 Thioacidolysis results.
Barley straw Ryegrass Ryegrass
DMSO soluble DMSO soluble driselase residue.
G-OH 1.26 0.27 1.33
(36.50) (7.80) (38.55)
S-OH 1.77 0.41 1.11
(47.20) (10.90) (29.38)
G-OMe N.D N.D N.D
S-OMe 0.25 N.D N.D
(6.50)
S-OH/G-OH 1.40 1.52 0.83
(1.29) (1.39) (0.76)
Results expressed as % weight of sample (pmole/g“l of sample).
N.D - not determined.
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TABLE 3.5.2 Selected ion monitoring analysis of thioacidolysis 
samples.
Barley straw Ryegrass Ryegrass
DMSO soluble DMSO soluble driselase residue.
G-OH
G-OMe
IG
113940
98674
212614
42151
71158
113309
81149
64167
145316
G-OMe/G-OH 0.87 1.63 0.79
S-OH 126974 65847 54455
S-OMe 13289 6038 4276
IS  140263 71885 58731
S-OMe/S-OH 0.10 0.10 0.08
IS + IG 352877 185194 204047
S-OH/G-OH 1.10 1.56 0.67
XS/IG 0.66 0.63 0.40
Results expressed as ion intensities.
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3 .5 .3 .  D iscu ss io n .
I t  i s  e v id e n t from th e  th io a c id o ly s is  r e s u l t s  (T able 3 .5 .1 )  i s  th a t  
a  s ig n i f i c a n t  d i f f e r e n c e  e x i s t s  in  th e  S/G r a t i o s  o f  th e  in te r n a l  (S/G- 
OH) u n i t s  between th e  DMSO s o lu b le  and r e s id u a l  l ig n in s .  I t  was 
in t e r e s t in g  to  n o te  t h a t  th e  H c o n te n t was n e g l ig ib le ,  su g g e s tin g  th a t  
th e  H u n i t s  e x i s t  p redom inan tly  in  th e  condensed component o f th e  
l ig n in .  R ecent re s e a rc h  on th e  s t r u c tu r e  o f th e  d im eric  f r a c t io n s  
s o lu b i l i s e d  by th io a c id o ly s is  ag a in  showed no s ig n i f i c a n t  H c o n te n t 
(L a p ie r re , p e rso n n a l com m unication), c a s t in g  some doubt on th e  
co n v e n tio n a l c l a s s i f i c a t i o n  o f  g ra s s  l ig n in s .
SIM o f th e  th io a c id o ly s is  sam ples (T able 3 .5 .2 )  p ro v id es  r a th e r  more 
d e t a i l  abou t th e  l ig n in  s t r u c tu r e .  Comparison o f th e  te rm in a l u n i t s  
(S/G-OMe) shows th a t  g u a ia c y l i s  th e  more common te rm in a l u n i t .  This 
has a ls o  been found in  every  s p e c ie s  so f a r  s tu d ie d  by t h i s  te ch n iq u e  
(L a p ie rre  e t  a l . , 1988).
The most s ig n i f i c a n t  r e s u l t  in  t h i s  a n a ly s is  i s  th e  c le a r  
d i f f e r e n c e s  in  t e r m in a l / in t e r n a l  g u a ia c y l r a t i o s .  T his su g g e s ts  th a t  
th e  DMSO s o lu b le  l ig n in  from ry e g ra s s  i s  composed o f  sm all a n d /o r 
h ig h ly  b ranched  m o lecu les, w hereas th e  ry e g ra s s  d r i s e l a s e  re s id u e  and 
b a r le y  s traw  DMSO s o lu b le  l ig n in s  would appear to  be composed o f la rg e  
a n d /o r  s t r a i g h t  chained  m o lecu les. U n fo rtu n a te ly  i t  was n o t p o s s ib le  to  
d e term ine  i f  a s im i la r  d if f e r e n c e  between DMSO s o lu b le  and d r i s e l a s e  
r e s id u a l  l ig n in s  e x i s t  fo r  b a r le y  s traw .
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Comparison o f S-OH/G-OH by c o n v en tio n a l th io a c id o ly s is  (T able 3 .5 .1 )  
and SIM (T able 3 .5 .2 )  g iv e s  com parable r e s u l t s ,  d em o n stra tin g  th e  
r e l i a b i l i t y  o f th e  ion  s e le c t iv e  m o n ito rin g . I t  was th e re fo re  though t 
p o s s ib le  to  approxim ate th e  t o t a l  G and S a s  a  p e rce n tag e  o f  dry  
m a tte r . Using th e  d ry  w eight o f G and S-OH from co n v en tio n a l 
th io a c id o ly s is  and th e  p e rce n tag e  o f G and S-OH from th e  t o t a l  from SIM 
th e  approxim ate t o t a l  d ry  w eigh ts  were c a lc u la te d  (T able 3 .5 .3 ) .  By 
u s in g  th e  l ig n in  c o n te n ts  p re se n te d  e a r l i e r  (T ab les 3 .2 .3 .1  and
3 .3 .1 .1 )  i t  was a ls o  p o s s ib le  to  approxim ate th e  % condensed l ig n in  
c o n te n t .
Table 3.5.3 Approximate dry matter content of S + G.
Barley straw Ryegrass Ryegrass
DMSO soluble DMSO soluble driselase residue
IG 2.4 0.7 2.4
IS 1.9 0.5 1.2
IS/ IG  0.79 0.71 0.50
IS + IG 4.3 1.2 3.6
Lignin 28.58 7.67 5.95
X Condensed
lignin 84.9 84.9 39.8
- 1 9 2 . -
These r e s u l t s  (T ab le 3 .5 .3 )  c l e a r ly  show th a t  d i f f e r e n c e s  n o t on ly  
e x i s t  in  t o t a l  S/G r a t i o s ,  th e  DMSO s o lu b le  l ig n in s  be ing  s im i la r ,  b u t 
s i g n i f i c a n t  d i f f e r e n c e s  occu r in  th e  degree  o f co n d en sa tio n , th e  DMSO 
so lu b le  l ig n in s  b e in g  id e n t i c a l .
I t  would appear t h a t ,  in  ry e g ra s s ,  DMSO e x t r a c t s  a  low Mwt an d /o r 
h ig h ly  branched  l ig n in  w ith  a h ig h  condensed l ig n in  c o n te n t,  w hereas 
th e  r e s id u a l  l ig n in  i s  h igh  Mwt a n d /o r  s t r a i g h t  chained  l ig n in  w ith  a 
low condensed l ig n in  c o n te n t and low er r e l a t i v e  s y r in g y l c o n te n t.  A 
s im i la r  com parison fo r  b a r le y  s traw  was n o t p o s s ib le  a lth o u g h  DMSO a lso  
s o lu b i l i s e s  a  h ig h ly  condensed s y r in g y l l ig n in  w ith  a  s im i la r  h igh  Mwt 
a n d /o r  h ig h ly  b ranched s t r u c tu r e .
- 1 9 3 . -
4.0 GENERAL DISCUSSION.
Mild ac id  h y d ro ly s is  h a s  b een  show n to  be le ss  se lec tiv e  fo r  th e  
h y d ro ly s is  o f a ra b in o se  th a n  s u g g e s te d  in  th e  l i te r a tu r e  (F ry , 1988), 
e sp e c ia lly  in  b a r le y  s tra w , w h ere  so lu b ilisa tio n  of a ra b in o se  was 
accom panied  b y  a  s u b s ta n tia l  so lu b ilisa tio n  of xylose. I t  is  n o t know n 
w h e th e r  th e  incom plete  h y d ro ly s is  of th e  a ra b in o se  is  a  fu n c tio n  of th e  
h y d ro ly s is  co n d itio n s  o r  due  to  th e  n a tu re  of th e  rem ain ing  a ra b in o se  
re s id u e s .  I t  is  p ro b a b le  th a t  th e  rem ain ing  a ra b in o se  is  re ta in e d  
b e c a u se  of co v a len t lin k a g e s  to  lign in . The h ig h  so lu b ilisa tio n  of xylose 
w as u n e x p e c te d  a n d  is  d if f ic u lt to  exp lain  in  te rm s  of th e  co n v en tio n a l 
model of a rab in o x y lan  s t r u c tu r e .
The h ig h e r  so lu b ilisa tio n  of p h en o lic s  in  r y e g r a s s  may re f le c t  a  
h ig h e r  p heno lic  s u b s t i tu t io n  of a ra b in o se  in  r y e g r a s s  a n d , p o ss ib ly , a 
h ig h e r  pheno lic  s u b s t i tu t io n  of xy lose in  b a r le y  s traw . The re te n tio n  of 
p -co u m aric  ac id  in  b o th  s u g g e s ts  th a t  th e  m ajo r p o rtio n  th is  acid  is  
lin k ed  to  s u g a r s  o th e r  th a n  a ra b in o se , o r  may sim ply re f le c t  p -co u m aric  
ac id  is  m ore c losely  a sso c ia te d  w ith  th e  in so lu b le  lig n in  f ra c tio n , a s  has 
b een  p re v io u s ly  s u g g e s te d  (Shim ada e t  ai., 1971; S c a lb e r t e t  al., 1985). 
In  b o th  b a r le y  s tra w  a n d  r y e g r a s s ,  lig n in  w as so lu b ilised  by  oxalic acid  
(19.01% an d  60.31% of th e  o rig in a l in  b a r le y  s tra w  a n d  r y e g r a s s  
re s p e c tiv e ly ) . T h is m u st s u p p o r ts  th e  view  of C hesson  e t  a l ,  (1983) 
th a t  a ra b in o se  (and  xylose) a re  th e  m ajor s u g a r s  in v o lv ed  in  lig n in -  
c a rb o h y d ra te  lin k ag e .
DMSO ex tra c tio n  of th e  oxalate h y d ro ly se d  m ateria l r e s u lte d  in  th e  
so lu b ilisa tio n  of a  13 1-4 xy lan  from  b o th  b a r le y  an d  ry e g ra s s .  I t  would
-1 9 4 . -
a p p e a r  th a t  some m ixed -linked  0 D -g lu can  w as a lso  so lu b ilised  in  bo th  
a n d  p o ss ib ly  some x y lo g lu can  in  ry e g ra s s .  T h ioac ido lysis  show s th a t  th e  
lig n in  com ponen ts  of each  f ra c t io n  d if fe r  c o n s id e ra b ly  in  te rm s  of th e ir  
S/G  ra tio s  a lth o u g h  th e i r  d e g re e  of b ra n c h in g  a n d /o r  size  a re  v e ry  
sim ilar.
S ig n if ic a n t d if fe re n c e s  w ould a p p e a r  to  e x is t in  th e  s t r u c tu r e  of th e  
LCC’s from  r y e g r a s s  a n d  b a r le y  a s  ca n  b e  seen  b y  th e i r  re s p o n s e  to  
a lk a li h y d ro ly s is .  T h e ir  r e la tiv e  lin k ag e  p a t te r n s  to  th e  c a rb o h y d ra te  
com ponen ts , how ever, a re  r a th e r  d if fe re n t,  w ith  app ro x im ate ly  50% of 
th e  p h en o lic s  h y d ro ly s e d  by  a lk a li in  b a r le y  s tra w  LCC (sim ilar to
w hole b a r le y  s tra w ) a n d  76% b e in g  h y d ro ly se d  in  ry e g r a s s  LCC. This 
w ould  th e re fo re  in d ic a te  be  a  s ig n if ic a n t d if fe re n c e  be tw een  b a rle y  
s tra w  a n d  r y e g r a s s  in  te rm s  of a lk a li lab ile  to  ac id  lab ile  lin k ag es . This 
d iffe re n c e  w as a lso  s u g g e s te d  in  th e  d r is e la se  r e s id u e s  b y  solid  s ta te  
NMR.
U sing  th e  2 ,3 ,4 -O -m ethyl xylose c o n te n t a s  a  m easu re  of te rm in a l 
xy lose re s id u e s ,  a n d  th e re fo re  o f ch a in  le n g th , a n d  2 -O m e th y l an d  3-
O -m ethyl xy lose a s  m e asu re s  of b ra n c h  p o in ts , th e  xy lan  ch a in  in
r y e g r a s s  LCC w ould a p p e a r  to  be m uch sm aller a n d /o r  be m ore h ig h ly
b ra n c h e d  th a n  th e  b a r le y  LCC.
The s ig n if ic a n t re te n tio n  of d is u b s t i tu te d  xylose a f te r  DMSO 
e x tra c tio n  is  d iff ic u lt to  explain . P ossib ly  i t  is  due  to  th e  p re s e n c e  of 
two d is t in c t  po lym ers, th e  d is u b s ti tu te d  xylose b e in g  p red o m in an tly
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lo c a ted  in  a  xy lan  po lym er ’d e e p ’ in s id e  th e  ce ll w alls, th u s  be ing  
re ta in e d .
The g r e a t  d if fe re n c e s  in  re s p o n s e  to  d r is e la se  h y d ro ly s is  may sim ply 
r e f le c t  th e  d iffe re n c e  in  p h en o lic  c o n te n ts . I t  w ould a p p e a r  th a t ,  in  
r y e g r a s s  a t  le a s t ,  d is u b s t i tu te d  s u g a r s  do n o t s ig n if ic a n tly  in h ib it  
enzym ic h y d ro ly s is . O verall, th e  d r is e la se  r e s id u e s  b e a r  a  close 
s im ila rity  to  ru m en  in c u b a te d  m ateria l.
P y ro ly s is  a n a ly s is , in  g e n e ra l, a g re e d  c lo se ly  w ith  co n v en tio n a l w et 
chem ical te c h n iq u e s , a n d  h a s  d e m o n stra te d  i t s  p a r t ic u la r  v a lu e  in  th e  
ra p id  a n a ly s is  o f cell w all s t r u c tu r e .  H ow ever, th e  d is c re p a n c ie s  fo u n d  
in  phen o lic  ac id  c o n te n t (esp ec ia lly  fe ru lic )  b y  p y ro ly s is  an d  HPLC 
a n a ly s is  g iv e s  some c a u se  fo r  co n c e rn  o v e r  th e  p re c ise  a ss ig n m e n ts  of 
th e  p heno lic  ac id  ions in  p y ro ly s is , a l th o u g h  m /z  120/150 h as  
p re v io u s ly  b een  show n to  h av e  a  h ig h  c o rre la tio n  w ith  pheno lic  acid  
c o n te n t (H artley  & H averkam p, 1984).
The tim e re so lv e d  p y ro ly s is  MS te c h n iq u e  p ro v e d  to  be p a r tic u la r ly  
u s e fu l in  th e  p a r t ia l  s e p a ra t io n  of cell wall com ponen ts a lth o u g h  th e  
p re c ise  p h y s ic a l p ro c e s s e s  in v o lv ed  in  th e  v o la tilisa tio n  a re  n o t well 
u n d e rs to o d . A d e ta ile d  s tu d y  of th e  p y ro ly s is  of model com pounds may 
g ive  some ad d itio n a l in s ig h t  to  th e  p y ro ly tic  b reak d o w n  of cell wall 
com ponen ts , e sp ec ia lly  th e  lig n in  com ponent.
T h ioacido lysis of th e  DMSO so lub le  an d  d r is e la se  re s id u e  f ra c tio n s  
co n c lu siv e ly  show ed s ig n if ic a n t s t r u c tu r a l  d if fe re n c e s  in  th e ir
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r e s p e c t iv e  lig n in  m oieties. The DMSO so lu b le , ty p e  1, lig n in  is 
a p p a re n tly  a s so c ia te d  w ith  a  0 1-4 xy lan , w h e re a s  th e  in so lu b le , ty p e  2, 
lig n in  is  a p p a re n tly  a sso c ia te d  w ith  a  p e n to se /h e x o se  fra c tio n . Both 
b a r le y  a n d  r y e g r a s s  ’ty p e  1* lig n in s  hav e  sim ilar h ig h  c o n d en sed  lig n in  
c o n te n ts  (84.9% in  b o th  b a r le y  and ry e g ra s s ) .  The r y e g r a s s  ’ty p e  2’ 
lig n in  h a s  a  m uch low er c o n d e n se d  lig n in  c o n te n t (39.8%).
D rise lase  h y d ro ly s is  an d  s u b s e q u e n t m olecular s iev e  ch ro m a to g rap h y  
of th e  b a r le y  LCC p ro d u c e d  small (<700 d a lto n s) p heno lic  fra g m e n ts , 
s u g g e s tin g  th a t  th e  th io ac id o ly s is  r e s u l t s  may in d ic a te  small oligom eric 
lig n in  m olecules r a th e r  th a n  h ig h ly  b ra n c h e d  m olecules. The p y ro ly s is  
lig n in  f in g e r p r in ts  o f th e  tw o lig n in s  show ed a  h ig h e r  c o n te n t of th e  
sm all monom eric p y ro ly s is  f ra g m e n ts  in  th e  b a r le y  DMSO re s id u e , 
w h e re a s  th e  DMSO a n d  d r is e la se  re s id u e s  show ed a  h ig h e r  
c o n c e n tra tio n  of th e  dim eric m a rk e rs  w hich  may, a lso  s u g g e s t  th a t  th e  
’ty p e  1* lig n in  is  com posed of sm all m olecules an d  th e  ’ty p e  2’ lig n in  is 
com posed of la rg e r  m olecules.
O ver th e  p a s t  decad e , th e  te rm  ’lig n in  h e te ro g e n e ity ’ h as  become 
in c re a s in g ly  u se d  (see  M onties, 1985). T his h e te ro g e n e ity  h a s  p re v io u s ly  
b een  th o u g h t  to  be e x p re s se d  a t  th r e e  le v e ls  1) monom eric com position, 
2) in t r a  po lym er lin k ag e  p a t te r n s  an d  3) in te ra c t io n s  w ith  o th e r  cell 
w all com ponen ts (M onties & L a p ie rre , 1981; S c a lb e r t  e t  aL , 1986). The 
r e s u l t s  p re s e n te d  h e re  c le a r ly  d em o n stra te  h e te ro g e n e ity  in  th e  f i r s t  
tw o le v e ls  a n d  s u g g e s ts  h e te ro g e n e ity  in  th e  th i rd .  I t  w ould a lso  seem 
lik e ly  th a t  h e te ro g e n e ity  also  e x is ts  in  te rm s  of size of lig n in  m olecules.
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T h ioacido ly sis  a n a ly s is  of u n tr e a te d  a n d  ru m en  in c u b a te d  b a r le y  
s tra w  (C hesson  & L a p ie rre , u n p u b lish e d  d a ta )  h a s  d e m o n stra te d  (Table
4.1) th a t  ru m en  in c u b a te d  b a r le y  s tra w  h a s  a  low er c o n d e n se d  lig n in  
c o n te n t,  a  low er s y r in g y l  c o n te n t a n d  a  low er c o n te n t of te rm in a l 
g u a iacy l re s id u e s  th a n  th e  u n tr e a te d  s traw .
Table 4.1 Thioacidolysis analysis of untreated and rumen incubated 
barley straw.
% condensed 
S+G S/G lignin G-OMe/G-OTMS
untreated 6.13 1.05 52.70 0.61
rumen incubated 10.27 1.00 45.21 0.55
H istological exam ination , u s in g  d if fe re n tia l  s ta in in g  te c h n iq u e s  in  
an g io sp e rm s  h as  s u g g e s te d  th a t  d if fe re n c e s  be tw een  s y r in g y l an d  
g u a iacy l c o n te n ts  may e x is t be tw een  se c o n d a ry  a n d  p r im a ry  cell w alls 
(Akin, 1986, 1989). I t  is  a lso  know n th a t  s e c o n d a ry  cell w alls a re  
g e n e ra lly  m ore eas ily  d e g ra d e d  in  th e  rum en  th a n  d if fe re n tia te d  
p rim a ry  cell wall re g io n  of lig n ified  cell w alls (E ngels, 1989). The 
r e s u l t s  p re s e n te d  h e re  d em o n stra te  th e  p re s e n c e  of small Mwt, h ig h ly  
co n d en sed  lig n in  m olecules re la tiv e ly  r ic h  in  sy r in g y l. I t  is  p ro p o sed  
th a t  th e se  small DMSO so lub le  lig n in  m olecules o r ig in a te  from  se c o n d a ry
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cell w alls w h e re a s  th e  h ig h e r  m olecular w e ig h t lig n in  m olecules 
o r ig in a te  from  p rim a ry  cell w alls.
The ex is tan ce  of sm all, o ligom eric lig n in  m olecules in  th e  se c o n d a ry  
cell wall s u p p o r ts  th e  ’b lo c k ’ model fo r  cell w all d ig e s tio n  d e s c r ib e d  in  
th e  in tro d u c tio n . T he sm all lig n in  m olecules a sso c ia te d  w ith  th e  
l ig n in -c a rb o h y d ra te  b lo ck s  in  th e  se c o n d a ry  cell wall b e in g  p h y s ic a lly  
in c ap ab le  of fo rm ing  th e  lig n in  ’w all’ w hich  is  th o u g h t  to  lim it 
d e g ra d a tio n , th u s  ex p la in in g  th e  o b se rv e d  g r e a te r  d e g ra d a tio n , in  th e  
ru m en , of s e c o n d a ry  cell w alls com pared  to  se c o n d a ry  th ic k e n e d  
p r im a ry  cell w alls. The h ig h e r  s y r in g y l c o n te n t of th e  se c o n d a ry  cell 
w all lig n in  w ould also  exp la in  th e  o b se rv e d  p re fe re n t ia l  so lu b ilisa tio n  of 
s y r in g y l  lig n in  in  th e  rum en.
The d if fe re n c e s  fo u n d  in  m olecular w e ig h ts , S /G  ra tio s  an d  
c o n d e n se d /u n c o n d e n s e d  c o n te n ts  c le a r ly  s u g g e s t  th a t  d if fe re n t  co n tro l 
m echanism s m u st e x is t in  th e  av a ila b ility  of m onom ers an d  
p o ly m erisa tio n  of lig n in  a t  d if fe re n t  s ta g e s  of s e c o n d a ry  th ic k e n in g .
I t  is  p ro p o se d  th a t  f u tu r e  w ork  sh o u ld  c o n c e n tra te  on  f u r th e r  
c h a ra c te r is a t io n  of th e  two lig n in  m oieties e sp ec ia lly  w ith  r e g a rd s  to  
th e i r  m olecular w e ig h ts . I t  w ould also  be b en ific ia l to  confirm  th e  
location  of th e s e  lig n in  ty p e s  w ith in  th e  cell wall, a n d  th e i r  p re s e n c e  in  
d if fe re n t  cell wall ty p e s . F u r th e r  c h a ra c te r is a tio n  of th e  h ig h e r  
m olecular w e ig h t p y ro ly s is  f ra g m e n ts  from  th e  lig n in  may g ive  a d e e p e r  
in s ig h t  to  th e  lig n in  s t r u c tu r e  an d  c h a ra c te r is a tio n  of th e  d im eric an d  
tr im eric  fra g m e n ts  re le a se d  by  th io ac id o ly s is  may also  re v e a l f u r th e r  
d e ta il on th e  c o n d en sed  re g io n s  of th e  lign in . I t  is  a lso  fe lt  th a t  th is
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phenom enon  sh o u ld  be  in v e s t ig a te d  in  o th e r  taxonom ic g ro u p s , to  
d e te rm in e  th e  e x te n t o f th is  h e te ro g e n e ity  w ith in  th e  p la n t  kingdom .
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